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ABSTRACT 
Interest in arsenic in groundwater has greatly increased in the past decade because of 
the increased awareness of human health effects linked to prolonged drinking of 
untreated ground water supplies high in arsenic content. A number of studies on 
arsenic bioavailability in soils have linked the presence of organic matter to high 
arsenic content. The question of whether arsenic interacts with organic matter 
chemically becomes significant. The work reported in this thesis investigates the 
chemistry of arsenic interaction with humic acid which comprises 50 % of soil 
organic matter. 
The thesis begins with an overview of arsenic environmental chemistry including its 
signifitcance, distribution, metabolism and toxicity. A literature review outlines the 
aqueous chemistry of arsenic specifically speciation, adsorption and mobility. The 
first part of the study focuses on the investigation of arsenic humic acid reactions over 
a range of conditions, for example changes in pH and ionic strength. Hydrolysed 
species of inorganic arsenic M and (111), and an organic form of arsenic 
(CH3)2AsOOIi, were employed. Results show that the extent of reaction generally 
increased with pH and decreased with ionic strength. The results were interpreted 
firstly by assuming simple association and then by postulating ligand exchange. The 
derived equilibrium constants showed weak arsenic interaction with humic acid. 
The second part of the study examined the identification of arsenic bearing phases in a 
reference soil sample and contaminated soil samples. The results were processed 
using Chemometric Identification of Substrates and Elements Distribution (CISED), 
The research concluded that arsenic was mainly associated with an iron oxide phase 
in soils. 
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PART ONE 
ARSENIC AQUEOUS CHEINUSTRY 
CHAPTER ONE 
INTRODUCTION 
1. Introduction 
1.1 Significance and Motivation 
There has-been growing concern over the presence and contamination of arsenic in 
the environment, which has steadily increased over recent years. Quoting from Karl 
Vogel, 1928 [1] 
"It is an uncanny thought that this lurking poison (arsenic) is everywhere about us, 
ready to gain unsuspected entrance to our bodies from the food we eat, the water we 
drink and the air we breathe". 
For many years mercury ft) received special attention from the scientific 
community 121, which was triggered by its toxicological relevance, which became 
known to the broad public conclusively with the outbreak of the Minamata disease in 
1956 131. Today, arsenic (As) is the focus of public attention, mainly due to the almost 
epidemic-like health problems of hundreds of thousands of people in Bangladesh and 
west Bengal, India caused by arsenic - contaminated groundwater 14-13]. Inorganic 
arsenic was regarded as the number one toxin in the United States Environmental 
Protection Agency (USEPA) [14] list of prioritised pollutants. Also, inorganic 
arsenicals have been classified as Group I carcinogens based on human 
epidemiological data [15]. 
Epidemiological studies in humans have demonstrated the carcinogenic effects of 
inorganic arsenic from inhalation exposure [16] and oral exposure [17]. Long term 
exposure to arsenic results in chronic arsenic poisoning (arsenicoMs). This has been 
reported to occur in people who live in cndemic'areas with high concentration of 
arsenic in drinking water or in burning coal [18-21]. Arsenicosis -has also 
been 
reported in people due to occupational exposure to arsenic [22]. Skin lesions, which 
include change of pigmentation and keratosis of the hands and feet are characteristics 
of the chronic arsenic poisoning and usually appear 5-15 years after exposure [17]. 
Chronic arsenic exposure may also lead to damages of internal organs the respiratory, 
digestive, circulatory, neural and renal systems [23,24]. The most significant 
consequence of chronic exposure to arsenic is the occurrence of cancers in various 
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organs especially the skin, lung and bladder [23,241. Examples of arsenicois are 
shown in Fig. 1.1 [1] - 
Fig. 1.1 - Typical skin lesions and skin cancer found in patients who have 
been 
chronically exposed to arsenic (A) and (B) hyperpigmentation, (C) keratosis, and 
(D) skin cancer 
A 
C 1) 
These health problems convinced the World Health Organisation (WHO) to 
recommend lowering the regulatory level from 50 l. Lg dm-' to 10 pg dm" for arsenic in 
drinking water. While the United States Environmental Protection Agency has 
reduced its standard from 50 pg dm-' to 10 Vg dm". The E-Uropean Union has 
enforced a standard of 10 ýLg dm--l and the value in Australia has been set at 7 gg dm-" 
[25,261. However, many developing countries still have their standards set at 50 Pg 
dm-'. It has been generally accepted that > 50 ýLg dm-" arsenic in drinking water is not 
public health protective 1271. Arsenic contamination has become a worldwide 
catastrophe, at first as a result of leaching from mine tailings in the Unit I ed States, 
Canada, Mexico, Thailand, Japan, United Kingdom, and Australia, to the natural 
B 
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aquifers used for water, supply in Bangladesh, India, United States, Hungary, Chile, 
Argentina, Taiwan, Ghana, Mexico, Philippines, New Zealand, and Inner Mongolia. 
No attention was paid to the ultimate fate of arsenic and its transport in the 
environment. Therefore, the need for this research which, seeks to investigates the 
speciation and the role of natural organic mater in the transport of arsenic in the 
environment. 
1.2 Properties and uses of Arsenic 
Arsenic is a naturally occurring ubiquitous element found in the atmosphere, soils, 
rocks, natural waters and -organisms. 
Arsenic is intermediate between metal and non 
metals and is -therefore in the group of elements called metalloid. Its chemistry 
is 
complex and there are many different compounds of both inorganic and organic 
arsenic. Arsenic ranks about 52! 0 in natural abundance among the elements in crustal 
rocks 128] and ranks 2& in abundance in relation to other elements [29]. It is found in 
group (Vb) of the periodic table with atomic number 33 and relative atomic mass 75 
[30]. 
Historically, inorganic arsenic has been recognised as a human poison since 3000 BC 
[1].. Oral intake ofarsenic has proved to be deadly on many occasions, but it has been 
used to treat skin aliments, worms and syphilis [31]. it's compounds were the 
available choice prior to the invention of antibiotics [32]. Arsenic has great use in the 
manufacturing industries: 
* In the manufacture of glass, arsenic is added to eliminate a green colour 
caused by impurities of iron compounds [281; 
Arsenic is added to lead to harden it in the manufacture of military poison 
gascs as lcwisite and adamsite [28]; 
In agricultural industries, lead arsenate, calcium arsenatc and Parries green are 
used extensively as insecticides, pesticides and herbicides [28]. Arsenic is also 
used as cattle fodder to enhance physical growth [3 1 ]. Substantial amounts of 
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monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) are used as 
selective herbicides, particulaly for the control of Johnson grass (Sorghum 
halepetue) in cotton fields and also crabgrass in lawns [33]; 
o In the furniture making industries, arsenic compounds such as chromated 
copper arsenate, sodium arsenate and zinc arsenate are used for wood 
preservation [34]. When these compounds are applied under pressure they 
react -with the wood to create water insoluble compounds. The preserved 
timber is resistant to both fungal and insect attack [35]. The use of arsenic in 
wood preservation is increasing [36]; 
* In the electrical industries, certain arsenic compounds like gallium arsenide 
(GaAs), are used as semiconductors and also as a LASER material [28]; 
* Arsenic disulfide (AS2S2), also known as red orpiment and ruby arsenic, is 
used as a pigment in the manufacture of paints and fireworks [28]. 
1.3 Sources and Occurrence 
In nature, arsenic is widely distributed in a number of minerals, mainly as the 
arsenides of copper, nickel and iron or as arsenic suffide or oxide. Arsenic is 
associated with igneous and sedimentary rocks, particularly with sulfidic ores namely 
realgar (As4S4) and orpiment (AS2S3) and the oxidized form arsenolite (As2O3)- The 
arsenides of iron, cobolt and nickel and the mixed suffides with these metals form 
another set of minerals e. g. loellingnite (FeAS2) satTorlite (CoAs), nicolite (NiAs), 
rammelsbergite (NiAs2), arsenopyrite (FcAsS), cobaltite (CoAsS), enargite 
(CU3AsS4), Scrdsorfite (NiAsS) and the quanternary sulfide glaucodot ((CoFe)AsS) 
[30). Over 200 arsenic containing minerals have been identified, with approximately 
60 % arsenatcs, 20 % sulfides and sulfur salts and the remaining 20 % includes 
arsenidcs, arscnitcs, oxides, halides and elemental arsenic. Arsenic more readily binds 
with sulrur and carbon than phosphorous, therefore it is commonly associated with 
sulfide bearing mineral deposits [37]. High levels of arsenic may also occur in some 
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coals, the most important commercial compound, arsenic (111) oxide, is produced as a 
by-product in the smelting of copper and lead ores [36]. 
In water, arsenic is usually found in the fonn of arsenate (As (V)) or arsenite 
(As(111)). Methylated arsenic compounds occur naturally in the environment as the 
result of biological activity, with the main organic species being monomethylarsonic 
acid and dimethylarsinic acid normally present in smaller amounts than the inorganic 
forms [32]. 
Airborne particulate matter has been shown to contain both inorganic and organic 
arsenic -compounds [38,39]., In unpolluted areas, airborne arsenic concentration 
ranging from less than one to a few nanogram per cubic metre have been reported 
[4042]. Arsenic content in plants is restricted by the sorption of arsenate ions in the 
soil by- iron and aluminium components. However, plants grown on soils that had 
never been treated with arsenic - containing pesticides varied from 0.01 to 5 mg kg7l 
dry weight [29]. Plants grown on arsenic-contaminated soils may, however, contain 
considerably higher levels, especially in roots [43 - 45]. Marine algae and seaweed 
usually contain considerable amounts of arsenic [46]. 
1.4 Environmental Pollution Sources 
Natural phenomena such as weathering, biological activity and volcanic activity 
together with anthropogenic, inputs are responsible for the emission of arsenic into the 
atmosphere from where it is redistributed on the earth's surface by rain and dry 
fallout. Arsenic is also mobilized by dissolution in water with aquatic and soil 
sediment concentrations being controlled by a variety of input and removal 
mechanisms [32]. 
The burning of coal and smelting of metals are major sources or arsenic in air. A 
British study showed yearly average concentrations in suspended matter in town air of 
0.04 - 0.14 pg nO [47]. In the vicinity of smelters, levels of arsenic in air exceeding I 
Pg M-3 have been recorded [48,491. 
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Burning of wood treated with arsenic - containing preservatives, mainly inorganic 
pentavalent compounds, can result in the release of arsenic into the atmosphere. The 
concentration of arsenic in the combustion fumes is closely related to the temperature 
[50]. 
The use of geothermal energy can result in severe arsenic contamination. Creselius el 
aL [5 1 ]-found Ihat the natural arsenic level 0.02 mg dm3 had increased 1000 times in 
a water reservoir in which some of the discharge from a Mexican geothermal power 
plant was emitted. 
Arsenic is also present in trace amounts in fertilizers. In a study, it was reported that 
concentrations of up to several hundred mg kg'l were present in some instances [52]. 
1.5 Environmental Transport and Distribution 
Arsenic is mainly transported in the environment by water. Sedimentation of arsenic 
in association with iron and aluminium may somctimcs bc -considcrabic. In 
oxygenated water, arsenic usually occurs as arsenate, but under reducing conditions, 
as in deep well waters, arsenite predominates [36]. Biomethylation and bioreduction 
are probably the most important environmental transformations of the element, since 
they can produce organometallic species that are sufficiently stable to be mobile in air 
and water. However, the biomethylated forms of arsenic produced are subject to 
oxidation and bacterial demethylation back to inorganic forms. The interrelationships 
of these compounds are displayed as in Scheme 1, from Cullen and Reimer, [53]. 
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Fig. 1.2 - Transformation schemes between inorganic and organic arsenic 
in the 
environment 1531 
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Compounds 9- 12 are the most frequently observed exocellular arsenicals. They are 
also the easiest to detect as they undergo facile pH-selective reactions, indicated as 
(a), with borohydride to give volatile products that can be analysed by GC/AAS. The 
arsines, 13 - 16, have also been found in varying amounts as products of 
biomethylation (b) but their distribution is limited by reactivity towards oxygen. 
Trimcthylarsine oxide (6) has been found less often than 11 and 12, probably because 
it is rapidly reduced to trimethylarsine (16) by RSII and by a number of aerobic and 
anaerobic organisms [54]. Oxidation of 16 gives DMA [55]. Both 12 and 6 can be 
produced by hydrolysis of endocellular compounds and may be found as a 
consequence of the degradation of organic matter. 
An anoxic environment commonly produces hydrogen sulfide especially in a marine 
environment as they contain higher concentrations of sulfate than fresh waters. A 
variety of other sulfur compounds are also present, and it has been demonstrated that 
thiols (RSII) are produced by the reaction of 112S with sedimentary organic matter 
[56]. During periods of high productivity, RSH concentrations are known to approach 
those of the inorganic sulrur compounds [57], it is therefore likely that a variety of 
arsenic sulfides will be produced by the reaction with these environmental reagents. 
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The reaction of arsenous acid (10) with hydrogen sulfide to give insoluble arsenous 
sulfide (17) will be important at pH < 7. The formation of more soluble thioarsenite 
salts (tentatively formulated as AsS3 3) by further reaction of 17 with sulfides may be 
especially important in anoxic sediment pore waters. It is not known if AsS3 
3. reacts 
with borohydride to give AsH3, but the As03 
3- that is formed by the reaction of 17 
with carbonate does. This process explains the detection by typical analytical 
procedures of significant quantities of As (111) in anoxic samples. Arsenates are also 
found in such samples [531. 
Arsenic acid (9) reacts with H2S,, the product depends on the conditions. At pH > 7, 
AS2S3 is slowly precipitated as As (V) is first reduced to As (111), possibly via a 
thioarsenic acid intermediate [58]. Arsenic pentasulfide (AS2S5) is rapidly formed as 
an insoluble precipitate under acidic conditions. Like the trisuffide, As2S5 forms 
soluble thioarsenate (possible AsS4 3) and arsenate (As04 
3) salts. The distribution of 
As(lll)/As(V) in the environment will depend on the mechanism of formation [30]. 
1.6 Methods of Exposure 
1.6.1 Water 
Groundwater is a major source of drinking water in many parts of the world, 
especially the South East Asia Region Countries (SEAR). Arsenic contamination of 
groundwater has been reported in many SEAR countries including Bangladesh and 
India [4,58,59], Vietnam [20], Nepal [60], Taiwan [61] and China [21,62], where 
arsenic is from natural sources. Therefore of the various sources of arsenic in the 
environment, drinking water poses the greatest threat to human health. Table I shows 
elevated concentrations of arsenic in drinking water (and burning coal) from arsenic 
endemic areas around the world. 
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Table 1- Arsenic contamination in groundwater and coal and population at risk 
around the workL [631 
Country or 
area 
Population 
at risk' 
Groundwater 
concentration 
(pg As 11) 
Guidelines 
(pg As 0 
Discovery 
date 
References 
Argentina 2000000 100-1000 50 1981 [64] 
Bangladesh 50000000 <1-4700 50 1980s [58] 
Bolivia 20000 50 1997 [64] 
Chile 437000 900-1040 50 1971' [64] 
China, 
Guizhou" 
20000 100-10000 
(mg kg7l) 
8 mk kg"' 1950s [65] 
China, 
Inner 
Mongolia 
600000 1-2400 50 1990S [66]- 
China, 
Xibjiang 
10000 1-8000 50 1980s [67] 
Hungary 220000 10-176 10 1974 [64] 
India, West 
Bengal 
1000000 <10 - 3900 50 1980s [67] 
Mexico 400000 10-4100 50 1983 [64] 
Nepal Unknown Up to 456 50 2002 [60] 
Peru 250000 500 50 1984 [64] 
Romania 36000 10-176 10 2001 [69] 
Taiwan 200000 10-1820 10 1950s [17) 
Thailand, 
Ronpibool 
1000 1-5000 50 1980s F70] 
USA Uknown 10-48000 10 1988 [71] 
Vietnam Millions 
1 
1-3050 
1 
10 
1 
2001 
1 
[20] 
'Guizhou is the only known arsenicosis endemic area caused by arsenic contamination 
in coal. 
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Ingesting inorganic arsenic through drinking water can cause multi-site cancers in the 
human body. For people who are exposed to arsenic levels-> 50 pg dM-3 in drinking 
water, the cancer risk could be- as high as I in 100 [27]. Population with exposures to 
arsenic in drinking water, generally at levels of several hundreds micrograms per litre 
or higher, are reported to have increased risk of skin, bladder, and lung cancers in 
Taiwan [ 72], Argentina [73], and Chile [74]. 
1.6.2 Air 
In air, arsenic exists predominatly adsorbed on particulate matters, and is usually 
present as a mixture of arsenite and arsenate, with the organic species being of 
negligible importance except in areas of arsenic pesticide application or biotic activity 
[75]. The human exposure of arsenic through air is generally very low and normally 
arsenic concentrations in air range from 0.4 to 30 ng nf3 [76]. It can be calculated that 
the amount of arsenic inhaled per day is about 50 ng or less (assuming that about 20 
m3 of air is inhaled per day). 
However, in areas where coal with a high arsenic content is used in power plants, or 
in the vicinity of smelters, the intake of arsenic may be considerable higher. Airborne 
arsenic levels of about I jig M73, have been detected in such areas which would result 
in the inhalation of approximately 20 gg of arsenic per day [36]. 
The daily respiratory intake of arsenic is approximately 120 ng of which 30 ng would 
be absorbed [77]. Typical arsenic levels for the European region are currently quoted 
as being between 0.2 and 1.5 ng rn73 in rural areas, 0.5 and 3 ng nf 3 in urban areas and 
no more than 50 ng rn -3 in industrial areas [78]. 
The amount of arsenic absorbed from lungs depends on particle size and the chemical, 
form of the arsenic. Analysis of arsenic in airborne fly ash from coal-fired -power 
plants indicated that the highest concentration was associated with respirable 
particles. On a mass basis, 76 % of the arsenic present was recovered from particles 
with a diameter of less than 7.3 ILm [79]. 
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1.6.3 Foods 
Arsenic levels in food, with the exception of some seafoods, are generally well below 
I mg kg" wet weight [80]. Marine fish on an average contain below 5 mg kg*l wet 
weight [81,82]. Certain bottom feeding fish, crustacea and shellfish may contain 
arsenic concentrations of several tens of milligrams per kilo [80,84]. The use of some 
organic arsenic compounds as feed additives for poultry and swine may lead to 
accumulation of arsenic in certain organs [85,86]. The total daily dietary intake of 
arsenic depends to a great extent, on the amount of seafood in the diet, A- seafood 
meal may lead to the ingestion of several milligrams of arsenic, predominantly in 
organic forms [36]. 
The amount of arsenic in a plant depends almost solely on the amount'of arsenic, to 
which it is exposed to. The concentration of arsenic varies from less than 0.01 to 
approximately 5 Vg g7l (dry weight basis) [88]. It's unlikely that animals and humans 
will be.. poisoned by consuming plants, which absorb arsenic residues from 
contaminated soils, because plant injury occurs before toxic concentrations can appear 
[88]. 
Wine may contain appreciable amounts of arsenic, concentrations of between 0.02 
and 0.11 mg dm"3have been reported in 9 US wines produced between 1949 and 1974 
[89]. Also, Crecelius [90] investigated the levels and forms of arsenic in some US 
table wines in 1977 and found most of the arsenic was present in the trivalent form. 
Arsenate was also found, but no methylated species were detected. It is probable that 
the arsenic in the - wines originated mainly from -the -use of arsenic - containing 
insecticides used on the grapes [36]. Elevated arsenic levels have been found in some 
bottled mineral waters [91]. The content of arsenic in tobacco grown on soils not 
treated with arsenic compounds is usually below 3 mg kg7l [92]. 
Most of the arsenic in marine organisms occurs in the form of either fat-soluble or 
water-soluble organoarsenic compounds [87]. 
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1.6.4 Drugs 
Both inorganic and organic arsenic compounds have been widely used in medicine. In 
Austria, peasants consumed a large quantity of arsenic for softness and cleanliness of 
the skin, to give plumpness to the figure, beauty and freshness to the complexation. 
and also to improve breathing problems [93,94]. 
Common medical preparations, which contained arsenic, include Fowler's solution 
(potassium arsenite), Donovan's solution (arsenic and mercuric iodides), Asiatic pills 
(arsenic trioxide and black pepper), de Valgin's solution (liquor arsenic chloride), 
sodium cacodylate, arsphenamine (Salvarsan), neoarsphenamine, oxophenarsine 
hydrochloride (Mapharsen), arsthinol (Balarsen), acetarsone, tryparsamide and 
carbarsone [95]. References [96-98] gives detailed uses of arsenic compounds as 
drugs and medicine. 
1.6.5 Occupational exposure 
Occupational exposure to arsenic compounds takes place mainly among workers, 
especially those involved in the processing of copper, gold, and lead ores. 
Occupational exposure may also occur among workers using or producing arsenic - 
containing pesticides, Unfortunately, very little data exist on the air levels of arsenic 
to which persons in such occupations have been exposed. This is also the case for 
wood treatment plant workers and carpenters, who may become exposed to inorganic 
arsenic compounds (mainly pentavalent) through their use as wood preservatives [36]. 
Workers may be exposed to airborne arsenic in cutting and sawing operations on 
wood treated with arsenic - containing preservatives. The concentrations of arsenic in 
air originating from the sawing of wood treated with copper, chromium, and arsenic 
salts was found to be 0.043 - 0.36 mg m3 [99]. 
Airborne arsenic particulate matter in smelters is generally assumed to consist 
primarily of arsenic (111) oxide. However, it is probable that some of the arsenic is 
firmly bound to other metals especially in the reverberatory furnace. There is also 
evidence of the presence of arsenic sulfides [100]. The form in which arsenic is 
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present clearly depends, to a great extent, on the characteristics of the industrial 
process involved, such as the temperature, humidity, and any other elements present. 
1.7 Arsenic Levels in Humans 
The total. human body content varies between 3 and 4 mg of arsenic and the level 
tends to increase with age. With the exception of hair, nails and teeth, analysis reveal 
that most body tissues contain less than 0.3 - 147 pg g" (dry-weight) [101]. The 
absorption of arsenic in human body is high for anionic and soluble species and low 
for insoluble species [102]. 
Inorganic arsenic has a special affinity for hair and other keratin-rich tissues [103]. 
The concentration along the length of the hair shows the exposure over a period of 
time [104]. The normal amount of arsenic in hair is about 0.08 - 0.25 pg g7l with 1.0 
pg g" being- indication of the presence of excess arsenic and poisoning [105]. Nail 
clippings from -a- patient - with, acute polyneuritis ý from arsenic poisoning contained 
arsenic at 10 -- 130 pg g7l [106], where the normal arsenic -concentration in ýnail is 
0.34 ± 0.25 pg g" [107]. The arsenic content of urine can vary normally from 5 to 40 
pg per day (total). Acute and sub acute poisoning will produce an excess of 100 pg 
per day [105]. 
In general it is found that organic arsenicals are more rapidly excreted than inorganic 
arsenicals forms and pentavalent arsenicals are cleared faster than, trivalent. The 
detailed arsenic contents of animals, human beings and plants are given in the 
literature [108]. 
1.8 Metabolism of Arsenic 
Arsenic is metabolised in the body by reduction and methylation reactions. The main 
products of those reactions, dimethylarsinic acid is readily excreted from the body in 
the urine but recent data indicate that reactive and toxic intermediate metabolites may 
be distributed to other tissues. A proposed pathway for the methylation of arsenic in 
humans is given below [25], - 
is 
H2AsO47 ,+ 2- 2e' . CH3AsO22' CH 
+ AS033 > CHAS03 
Reductase methyl-transferase 
(CH3)2AS02' (CH3)2ASO" 
DMAY DNIAý 
Studies on animals and man have shown that both trivalent and pentavalent inorganic 
arsenic compounds in solution are readily adsorbed after ingestion. Inhalation usually 
involves particles containing inorganic arsenic. Most of the inhaled and ingested 
arsenic will be absorbed from -either the respiratory or the gastrointestinal tract. 
Following ingestion or inhalation of inorganic arsenic, the major forms of arsenic 
excreted in human urine are dimethylarsinic acid accounting for 65 % and 20 % 
methylarsonic acid respectively [36]. 
Arsenic is excreted from the body via other routes like sweat, apart from urine and 
faeces, these other routes of excretion are generally minor [101]. Since arsenic can 
accumulate in keratin-containing tissues [103], skin, hair and nails can also be 
considered as potentially minor excretory routes. Both older [101] and recent studies 
indicate that arsenic can be excreted in human milk, although the levels are low [109, 
110]. 
The most commonly employed biomarkers used to identify or quantify arsenic 
exposure are total arsenic in hair or nails, blood arsenic, and total or speciated 
metabolites of arsenic in urine. Arsenic levels in hair and nails are used as indicators 
of past arsenic exposure [I II]. 
Normally inorganic arsenic is very quickly cleared from human blood. For this reason 
blood arsenic is used only as an indicator of very recent and/or relatively high level 
exposure, for example poisoning cases [112] or in cases of chronic stable exposure 
(Le from drinking water). Studies show that in general blood arsenic does not 
correlate well with arsenic exposure in drinking water, particularly at low levels 
[102]. 
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1.9 Toxicity 
The toxicity of arsenic compounds depends on the chemical form, oxidation state and 
physical forms of the compounds. Toxicity also depends on the amount of ingestion, 
term of exposure, dietary levels of the interacting elements, the age and sex of the 
exposed individuals, gas, solution or particle size of arsenic, the rate of absorption 
into cells, the rate of elimination, the nature of chemical substituents in the toxic 
compound and the pre existing state of the patient [25]. 
Inorganic arsenic is more toxic than organic form [25]. Inorganic arsenic in the +3 
oxidation state is-more toxic, soluble and mobile than the +5 oxidation state species 
found in the environment [36,113 - 114]. However, more recent studies have shown 
that most ingested As (V) can be reduced to As (111). Thus, exposure to both forms of 
arsenic may result in similar toxicological effects [25]. 
The toxicity of arsenicals decrease in the order, arsines > inorganic As (111) (iAs") > 
arsenoxides (organic As In) > inorganic As (V) (iAsý) > arsonium. compounds [115, 
116]. Recently Vega el al. [ 117] has reported the toxicity order of arsenicals as iAs", 
> monomethylarsine oxide (MMACP) > dimethylarsinous acid (DMAý11) > 
dimethylarsinic acid (DMAý) > monomethylarsonic acid (MMA) > inorganic As (V) 
(iAsv). While it is generally accepted that methylation is the principal detoxication 
pathway, other studies have suggested that methylated metabolites may be partly 
responsible for the adverse effects associated with arsenic exposure [117]. 
The most common toxic mode of an element is the inactivation of enzyme systems, 
which serves as biological catalysts [118]. The inorganic As (V) does not react 
directly with the active sites of enzymes [1191. It first reduces to As (111) in vivo 
before exerting its toxic effect [120,121]. Aposhian [122], postulated that the binding 
of trivalent arsenic to non-essential sulihydryl groups in cells might represent an 
important route for arsenic detoxification. 
Trivalent arsenic interferes with enzymes by bonding to -SH and -011 groups, 
especially when there are two adjacent -SII groups in the enzyme. The enzymes, 
which generate cellular energy in the citric acid cycle, are adversely affected. The 
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inhibitory action is based on inactivation of pyruvate dehydrogenase by complexation 
with As (111), whereby the generation of adenosine-5-triphosphate (ATP) is prevented. 
The enzyme system comprises of several enzymes and cofactors, one protein 
molecule of enzyme having one lipoic acid. In the presence of As (III), it replaces the 
two hydrogen atoms from the thiol groups and attaches with a sulphur molecule and 
forms a dihydrolipoylarsenite chelate complex, which prevents the reoxidation of the 
dihydrolipoyl group that is necessary for continued enzymatic activity, and this 
pivotal enzyme step is blocked. As a result, the amount of pyruvate in the blood 
increases, energy production is reduced, and finally the cell is damaged slowly [123, 
124]. The reaction are shown in Fig. 1.3. 
Fig. 1.3 - Reaction of arsenite with dihydrolipolic acid 
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Arsenic inhibits enzymes, such as the pyruvate oxidase, S-amino acid oxidase, choline 
oxidase and transaminase. Although As (111) is regarded as the most toxic form of the 
element, As (V) as arsenate can be disruptive by competing with phosphate. For 
example, arsenate uncouples oxidative phosphorylation. Oxidative phosphorylation is 
the process by which ATP is produced, while at the same time reduced nicotinamide 
adenine dinucleotide (NADPH) is oxidized [125]. 
3ADP + 3H3PO4 -- 3ATP + 3H20 
NADPH +W+ 1/202 ----NADP+ + H20 
Arsenate disrupts this process by producing an arsenate ester of ADP, which is 
unstable and undergoes hydrolysis non-enzymatically. This process was termed as 
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arsenolysis [122]. Hence the energy metabolism is inhibited and glucose-6-arsenate is 
produced rather than glucose-6-phosphate (Fig 1.4). 
Arsenate may also replace the -phosphorus in DNA [ 126] and this appears to inhibit 
the DNA repair mechanism. Such an action may explain the clastogenicity of arsenic, 
because an arsenodiester bond will mostly be weaker than the normal phosphodiester 
bond. However, no direct evidence is located to show that arsenate in incorporated 
into DNA [102]. 
Fig. 1.4 - Reaction of arsenite with pyruvate dehydrogenase 
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Arsenic and selenium are antagonistic-to each other in the body, and each counteracts 
the toxicity in the body. However, arsenic may also interfere with the essential role of 
selenium in human metabolism [127]. Arsenic inhibits the action of selenium, which 
causes the apparent deficiency of glutathione peroxidase system -a selenium 
dependent enzyme [119,128]. 
1.10 Ilumic Substances 
Humic acids and related substances are among the most widely distributed organic 
materials in the earth. They are found not only in soils but in natural waters, sewage, 
compost heaps, marine and lake sediments, peat bogs, carbonaceous shales, lignites, 
brown coals and miscellaneous other deposits. The amount of C in the earth as humic 
acids (60 x 1011 t) exceeds that which occurs in living organisms (7 x 1011 t) [1291. 
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Humic substances result from the decomposition of plant and animal residues, but do 
not fall into any of the discrete classes of compounds such as proteins, 
polysaccharides and polynucleotides. They tend to associate into complex chemical 
structures that are more stable than the starting materials [130]. The nature of humic 
substances has been discussed in numerous publications [131 - 137]. They are 
important in the environment for the following reasons: 
They may be involved in the transportation and subsequent concentration of mineral 
substances, such as bog ores and nodules of marine strata and may also form soluble 
complexes with metal ions. Also, they may be responsible for the enrichment of 
uranium and other metals in various bioliths, including coal [138]. 
Humic substances serve as carriers of organic xenobiotics as well as trace elements in 
natural waters. Humic substances are not believed to be physiologically harmful, but 
they are aesthetically unacceptable because they impart a reddish-black colour to 
potable waters and recreational lakes. Humic substances play a role in reducing the 
toxicities of certain heavy metals (e. g, Cu2" and A13) to aquatic organisms, including 
fish [138]. 
Humic substances act as oxidizers or reducing agents, depending on environmental 
conditions. They may cause precipitation of metal ions via reduction e. g humic 
substances have been shown to reduce -Hg (11) to volatile He under natural pH 
conditions, thereby providing a potential pathway for the mobilization of Hg in the 
environment [138]. They may also cause precipitation of metal ions and radionuclides 
by adsorption, ion exchange or other sorption process (when humic substances 
themselves are insoluble) [139 - 143] or form soluble complexes with metal ions 
thereby influencing the mobility of these metal ions in the environment [144,145]. 
Humic substances modify the sorption behaviour of mineral surfaces with respect to 
metal ions and radionuclides. They may also complex with metal ions and 
radionuclides changing the interaction between the metal ions/radionucl ides and solid 
particles. Taylor and Theng, [146] found that the sorption of cadmium by kaolinite 
increased with the humic, acid concentration and solution pH, while Maguire el aL 
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[147] on the other hand found that the addition of humic acid to the clay-Cs system 
depressed the sorption of Cs by clays and enhanced the desorption of Cs. 
Therefore the potential role for humic substances include: (i) increased dissolution of 
minerals or decreased sorption of ions on to mineral surfaces as a result of formation 
of aqueous metal-organic complexes and /or increased acidity; (ii) increased mobility 
via coating and protection of colloids from coagulation; (iii) metal fixation either by 
reduction or through sorption onto solid humic substances; (iv) modification of the 
sorption/ion exchange properties of mineral surfaces; and (v) alteration of the rates of 
sorption, dissolution and precipitation [148]. 
In general, humic substances are amorphous, brown or black coloured, acidic, 
polydisperse (i. e., consisting of a number of ill-defined compounds), polyelectrolyte 
(i. e., distribution of negative charge) macromolecules having molecular weights in the 
range from several hundreds to tens of thousands. They are generally divided into 
three fractions depending on their aqueous solubility. Humic acid (HA) is soluble in 
dilute alkaline solutions but precipitates at pH < 2. Fulvic acid (FA) is soluble over a 
wide pH range. Humin is the term given to the fraction insoluble in both acid and base 
[148]. 
According to Schinitzer and Khan [149], the three humic fractions are structurally 
similar but differ in that the FA fraction tends to have a lower molecular weight and 
higher oxygen content relative to HA and humin. It is important to note that the 
division scheme is somewhat arbitrary and each fraction remains heterogeneous. All 
three humic fractions are resistant to breakdown by microbes. 
The chemical composition of HA's varies according to source, but generally falls 
within the ranges: 50 - 69 % C; 30 - 35 % 0; 4-6%H; 2-4%N and 0-2%S. 
Humins have a similar range in chemical composition but FA's contain less C (40 - 
50 %) and N (< I-3 %) and more 0 (44 - 50 %) [148]. Humic substances contain 
significant proportion of both aliphatic and aromatic carbon, with between 15 to 92 
% aromaticity (as determined by NMR spectroscopy) depending upon source [150, 
151]. 
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The structure of humic and fulvic acids has been described as containing units similar 
to a number of smaller, aromatic organis acids, such as benzoic, salicylic, phthalic, 
vanilic acid etc [148]. But structural models have arisen from the need to represent the 
known chemistry of humic substances in terms of structures which, although 
hypothetical, are based on knowledge derived from studies on elemental composition, 
functional groups, degradation products, spectroscopic data, and physical chemical 
properties [138]. 
The main uses of the hypothetical structural models are: (i) as a means of representing 
the average properties of humic and fulvic acids; (ii) to help in the formulation of new 
hypotheses regarding their structures and the development of new experimental 
schemes for their investigation [146]; and (iii) for illustrating mechanisms for the 
binding of metal ions and xenobiotics [138]. Fig 1.5 shows one of the structural 
models [138]. 
22 
Fig. 1.5 - Chemical network structure of humic acids according to Schulten and 
Schnitzer [1521 
(CH., ý. 
1.11 Literature Review 
0 
Of 
Due to the significance of arsenic in the environment which has already been 
discussed, various investigations have been carried out to understand its aqueous 
chemistry. These studies could be classified based on the following major areas: 
(a) Monitoring studies: These involve the measurement of total 
concentration of arsenic in various environmental samples around 
the world especially in arsenic endemic areas. 
(b) Speciation studies: These include, identification of arsenic species 
in environmental samples and systems, analytical technique 
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development in measuring these species and the behaviour of these 
species in the environment. 
(C) Sorption and Complexation studies: The sorption of arsenic on 
various surfaces of environmental importance has been studied 
under this area. 
(d) Transport and Mobility: Researches has been done on the transport 
and mobility of arsenic in aqueous systems, soils and geosphere. 
Therefore, this review will be discussed based on the above areas. 
1.11.1 Monitoring Studies 
The concentration of arsenic in fresh waters shows considerable variation with the 
geological composition of the drainage area and the extent of the anthropogenic input. 
Geothermal inputs are the source of elevated arsenic concentrations in some lakes and 
rivers [3840]. Chemical weathering and anthropogenic activities may also result in 
the contamination of surface water. 
Andreae el aL [153,154] has compiled data for dissolved arsenic in some European as 
well as north and south American rivers. The geometric mean is 1.4 pg drn73 but the 
range is large, approximately 0.1 - 75 pg drn*3. The greater density of industrial 
activity appears to be reflected in slightly higher average arsenic concentrations in 
Europe, 3.5 [tg dM-3 , as compared to North America, 0.5 pg drrO, but this comparison 
is no doubt prejudiced by the sample selected. Except on instances of high arsenic 
pollution, in areas such as Bangladesh, India, Vietnam, where reported levels are 
higher than the WHO permissible limits of 50 pg dM-3 [4,20,60,61], total arsenic in 
water is in the region of I- 10 pg dm3 range and in air in the 0 -10 ng m"3 range 
[155]. Peoples [156] has tabulated the results of concentrations of arsenic in nature, 
including biological tissues. The determination of traces of arsenic in the environment 
has been reviewed [157]. The presence of arsenic in water is therefore primarily 
dependent on the availability of arsenic in the geologic materials in contact with the 
water or on the input from sources of contamination. In some situations 
concentrations of dissolved arsenic may be limited by adsorption [158]. 
24 
1.11.2 Speciation Studies 
Speciation is of tremendous important in the chemistry of arsenic, therefore a 
comprehensive discussion of this subject will be described covering such topics as 
speciation analysis and measurement, speciation in environmental samples and redox 
transformations. 
1.11.2.1 Speciation analysis and measurement 
Speciation analysis of an element has been defined as the determination of the 
concentration of the individual physico-chernical forms of the element in a sample 
that together, constitute its total concentration [159]. Speciation analysis involves a 
complex scheme of operations, Fig. 1.6 illustrates an approach to differentiate 
speciation analysis into several categories [160]. 
There has been increasing interest over the past decade in speciation information 
about elements present in environmental and biological samples, since the 
toxicological and biogeochemical importance of many metals and metalloids greatly 
depends upon their chemical forms. The determination of the total amount of an 
element is important, but is insufficient to assess its toxicity and overall 
biogeochemical cycling [160]. 
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Fig. 1.6 - Scheme of an approach showing speciation of trace elements redrawn 
from Cai, 11601 
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Arsenic occurs in a variety of chemical forms in environmental and biological 
samples as a result of many chemical and biological transformation in the 
environment. Table 2 gives the many species of arsenic detected in environmental and 
biological samples [161]. 
Table 2- Arsenic species commonly detected in the environmental and biological 
systems 
Name Abbreviation Chemical formula 
Arsenite (arsenous acid) As (111) As(OH)3 
Arsenate (arsenic acid) As (V) AsO(OH)3 
Monomethylarsonic acid MMA (V) CH3ASO(OH)2 
Monomethylarsonous acid MMA (III) CH3As(OH)2 
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Table 2 Con'd 
Dimethylarsinic acid DMA(V) (CH3)2ASO(OH) 
Dimethylarsinous acid DMA (III) (CH3)2ASOH 
Dimethylarsinoyl ethanol DMAE (CH3)2AsOCH2CH20H 
Trimethylarsine oxide TMAO (CH3)3ASO 
- Tetramethylarsoniurn ion Me4As+ (C 113)4M+ 
Arsenobetaine AsB (CH3)3AiCH2COO' 
Arsenobetaine 2 AsB-2 (CH3)3AS+CH2CH2COO' 
Arsenocholine AsC (CH3)3Ai+CH2CH20H 
Trimethylarsine TMA (III) (CH3)3AS 
Arsines AsH3, MeAsH2, Me2AsH (CH3)., AsH3-x 
(x = 0-3) 
Ethylmethylarsines Et. AsMe3-, (CH3CH2)xAs(CH3)3-x 
(x = 0-3) 
Phenylarsonic acid PAA C6H5AsO(OH)2 
Arylarsenicals used as 
animal feed additives 
p-Arsanilic acid p-ASA NH2C6li4AsO(OH)2 
4-Nitrophenylarsonic acid 4-NPAA N02C6114AsO(OH)2 
4-Hydroxy-3- 
nitrophenylarsonic acid 
3-NHPAA N02(OH)C61i4AsO(OH)2 
p-Ureidophenylarsonic 
acid 
p-UPAA NH2CONHC6li4AsO(OH)2 
Arsenic - contained in 
ribosides 
Arsenosugars 
I 
Therefore, several analytical methods for the measurement of arsenic species in 
various samples have been reported in the literature [162 - 165]. Generally, the 
techniques must be sensitive and selective, provide rapid analysis of samples to 
prevent species conversion and easily operated and cost effective [161]. 
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The most commonly used speciation techniques often involve a combination of 
chromatographic separation with spectrometric detection. High-performance liquid 
chromatography (HPLC) is most commonly used [166 - 170], while gas 
chromatography (GQ (17 1), supercritical fluid chromatography (SFQ [ 172,173] and 
capillary electrophoresis (CE) [174,175] have also been applied to arsenic speciation 
to a lesser extent. Inductively coupled plasma-mass spectrometry (ICP-MS) has 
become a favoured detection technique in arsenic speciation analysis [165]. It 
provides ultra-sensitivity, multi-element capability and can be combined with 
separation techniques. Electrothermal atomic absorption spectrometry (EAAS) and 
flow injection on-line sorption preconcentration and separation coupled with ICP-MS 
have also been used [176,177]. Also, hydride generation (HG) is another common 
technique used in arsenic speciation analysis. HG allows for extremely low detection 
limits. However, not all arsenic species form hydrides, and decomposition techniques 
are usually required[ 163,165]. 
These techniques have been applied to samples such as commercial pesticides [1711, 
coal and fly ash [162], rocks, sediments, soils and minerals [178,179], plant tissue 
[180], bovine liver [181] and water samples [182]. Detailed reviews on arsenic 
speciation analysis are described in the literature [161,183,184]. 
Arsenic speciation in environmental samples 
1.11.2.2.1 Aqueous systems 
In aquatic environments, arsenite can be converted to arsenate under oxidizing 
conditions (e. g aerated water). Likewise, arsenate can also become arsenite under 
reducing conditions (e. g anaerobic groundwater). However, the conversion in either 
direction is quite slow, so the reduced species can be found in oxidized environments 
and vice versa. Microbes, plants and animals can also convert these inorganic arsenic 
species into organic species like MMA and DMA, which are less commonly found in 
natural waters [185]. 
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1.11.2.2.1.1 Natural water 
The main arsenic compounds detected in natural waters are therefore, arsenite (As 
(III)), arsenates (As (V)), monomethylarsonic acid (MMA (V)), monomethylarsonous 
acid (MMA (III)), dimethylarsinous acid (DMA (III)), dimethylarsinic acid (DMA 
(V)) and trimethylarsine oxide (TMAO) [186]. 
1.11.2.2.1.2 Groundwater 
The major arsenic species in groundwater are inorganic arsenite (As(Ill)) and arsenate 
(As (V)) under Eh conditions prevalent in groundwaters (Fig. 1.7). Extremely high 
levels of inorganic arsenic in well water have been attributed to devastating arsenic 
endemic episodes [187,188]. 
Arsenic is present in groundwater as a result of several processes which sometimes 
are naturally occurring. In some areas of Bangladesh and West Bengal, where 
concentrations of arsenic in groundwater exceeds guide concentrations, some 
researches postulate that the oxidation of arsenic - bearing pyrite by atmospheric 
oxygen releases arsenic to the groundwater [189,190]. Others like Nickson el al. 
[194] argue that arsenic released by such mechanism would be adsorbed to iron 
oxyhydroxide (FeOOH), the product of oxidation [192,193], rather than be released 
to groundwater which will be more compatible with redox chemistry. According to 
these authors, the likely mechanism in this situation is the reductive dissolution of 
arsenic - rich iron (Fe) oxyhydroxide by microbial degradation of sedimentary 
organic matter [195,196]. This mechanism is considered by Bhattacharaya et al. 
[197] to be a more likely arsenic source in groundwater than is pyrite oxidation and 
the process has been documented to occur in groundwater elsewhere [198,199]. 
The process involves the dissolution of Fe oxyhydroxide and the release to 
groundwater of Fe2' and the sorbed load of the Fe oxyhydroxide, which includes 
arsenic. The process generates HCO37 ions and so produces the relationship between 
HC03" and arsenic observed in experimental measurement by Nickson el al [194]. 
The stoichiometry of the reaction yields HC03' and Feý' in a mole ratio of 2 
according to the reaction: 
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4FeOOH + CH20 + 7H2CO3 -> 4Fe2+ +8HCO37 + 6H20 
(This equation was modified from de Lange, [200]; Loveley, [201]; Drever, [202]; by 
Nickson et aL [194] where CH20 represents organic matter). 
In general, therefore, arsenic is present in groundwater primarily as a result either of 
the reductive or oxidative dissolution of naturally occurring arsenic - rich minerals 
and organic matter [194,203]. Arsenic sulfides and sulfosalts are also another 
possible source of arsenic in groundwater [204]. Arsenopyrite is known to be stable at 
high pH and low redox potential and becomes less stable as slightly more oxidising 
water, moves through this arsenic mineral, resulting in the release of arsenic [205]. 
The reduction of arsenic - rich Fe oxyhydroxides is influenced by microbial action 
[198,206]. The microbial mediated reduction of As (V) sorbed to feffihydrite in the 
absence of significant reductive dissolution of Fe oxide solid phase has been studied 
[207]. A Clostridium Sp. strain was able to reduce aqueous As (V) within one day, 
however, the microbe was not able to cause a significant desorption of As (V) from 
feffihydrite in 24 days. The sorbed arsenic remained predominantly as As (V) and was 
not solubilized during microbial growth. It has also been suggested that arsenic is 
leached into groundwater because of an interaction between carbonate ions and 
arsenic minerals in rocks [204]. In laboratory experiments bicarbonate was able to 
leach arsenic from sulphide mineral under anaerobic conditions [204]. 
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Fig. 1.7 - pE-pH diagram for the As-H20 system at 25'C. Arsenic species 
is set at 
10-6.176 mol dm-3 (50 pg dm-3). The area within the vertical bars represent the 
common pE-pH domains for natural water 12481 
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The geochemical cycle of arsenic in fresh surface water and the environmental 
biochemistry and speciation have been examined in detail [53,208 - 209]. The major 
species of arsenic in fresh surface water are inorganic As (111) and As (V), minor 
amounts of MMA (V), DMA (V) and methylated As (111) species can also be present 
[53,210 - 213]. 
31 
pH 
In Lake Pavin, France, As (V) represented 88 - 95 % Of total dissolved arsenic in the 
oxic compartment and As (III) was the dominant species in the anoxic zone 
(50 - 90 %) [214]. As (V) was the dominant species present in the hypolimon of 
Lake 
Biwa (northern basin), Japan, through all seasons [213]. During summer stratification 
in Lake Greifen, Switzerland, arsenite was dominated in the epilimnion, but in the 
anxioc hypolimnion, arsenate remained the dominate species [215]. 
The observed disequilibrium speciation in the anoxic layers of Lake Pavin, France is 
attributed to a kinetic control of the arsenate reduction reaction. The theoretical 
As(III)/As(V) ratio was calculated to be 1010 in the redox line (50 - 65 m), however, 
the observed ratio was measured at 1.06 [214]. In Upper Mystic Lake in the Abedona 
Watershed, Massachusetts, USA, arsenic speciation also appeared to be kinetically 
controlled. As (111) represented 30 % of the total arsenic for the colder months and 48 
±7 % in the summer and fall. Arsenate decreased from 62 ± 28 % of the total arsenic 
in the winter and early spring to 28 ± 13 % in the summer months. The presence of 
methylarsenic in the suface water suggest biological transformation [216]. 
Fresh water animals are able to convert dimethylarsenic to trimethylarsenic 
compounds. In laboratory studies, freshwater fish were able to accumulate and 
transform arsenic when exposed to water containing 10 mg drn73 arsenate for a 
duration of 7 days [217]. As (111), As (V), mono-, di-, tri- methyl arsenic compounds 
were detected in eight tissues of the fresh water fish T. mossambica. A large propotion 
of trimethylated arsenic (22 - 67 %) was present in most tissues. In another study 
some freshwater fish and marsh snails also contained higher amounts of 
trimethylarsenic than dimethylarsenic compounds [218]. 
1.11.2.2.1.4 Estuaries 
The behaviour of arsenic in estuaries is unique due to the mixture of seawater and 
freshwater [186]. In the Saguenay Fjord estuary, Canada, dissolved arsenic showed 
very low concentration in the freshwaters of the Saguenay River (0.03 Pg dme3 ) and 
higher concentrations in the marine waters (I pg dnia) [219]. The proportions of 
arsenic species vary with the extent of anthropogenic input and biological activities. 
For example, As (V) was the only detectable species in the Itchen estuary in southern 
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England most of the year [220]. However, 30 % of the total arsenic was in the form of 
methylated species when the temperature was above 12'C and when productivity was 
at a maximum. In the most riverine site, DMA (V) was found only in May, early June 
and early August. In the Seine estuary, England, mean MMA (V) concentrations 
measured in October 1993 (0.025 [tg dmý) and September 1994 (0.022 pg dm73) were 
comparable, however, in February 1995 the MMA (V) concentration was below 
detection limits. Except in the winter, DMA (V) related to phytoplankton activity 
represents a large fraction of dissolved total arsenic [221]. 
During an estuarine algal bloom in the Patuxtent River (subestuary), USA, arsenate 
was rapidly reduced to arsenite and methylated species [222]. The rates of arsenate 
reduction and the species produced varied depending on the phytoplankton species 
composition and the season. The phytoplankton species composition may vary 
depending on location in the estuary [222]. Phosphate depletion cannot be a necessary 
prerequisite for arsenate assimilation in saline water because in Southampton 
water, England phosphate concentration remained high throughout 1988, yet arsenic 
reduction and methylation occurred [223]. 
In the Tamar estuary, England dissolved inorganic arsenic was elevated in the higher 
salinity region [224]. Riedel [225] observed that arsenate rises to maximum 
concentration before salinity reaches a maximum, and falls off during the period of 
highest salinities. Inorganic arsenic was linearly and inversely related to salinity in the 
upper Humber estuary, England, but in the lower estuary dissolved inorganic arsenic 
behaved conservatively but was directly related to salinity [226]. 
1.11.2.2.1.5 Seawater 
The major species in seawater are As (V) and As (111) and minor species of MMA (V) 
and DMA (V). Although arsenobetaine, arsenosugars, tetramethylarsonium, 
arsenocholine, and trimethylarsine oxide (TMAO) are found in marine life, they are 
not detected in surface seawater. Unidentified arsenic can average 25 % of total 
arsenic in seawater [227]. 
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As (V) was the dominant species in both East Indian and Antarctic Oceans surface 
water representing 52 % and 97 % respectively [228]. As (III) accounts for 27 % and 
0.2 % in those regions. Fractions of MMA (V) and DMA (V) were 4% and 17 % in 
East Indian and 0.8 % and 2% in Antarctic waters [228]. At sampling stations in the 
Pacific Ocean, inorganic arsenic concentrations were low at the surface and 
deep/bottom zones and MMA (V) and DMA (V) were observed throughout the water 
column in the north western and equatorial regions [229]. Both MMA (V) and DMA 
(V) displayed maximum concentration in surface water and abruptly dropped with 
depth from 0- 200 m [230]. 
In marine systems, arsenic can be transformed by bacteria, algae and other marine 
organisms [227]. Arsenosugars in algae and arsenobetaine in animals, may be 
released to the sea at some point, as a consequence of grazing or predation by animals 
or aging of the organism [23 1]. Though these arsenic species have not been detected 
in seawater, there is increasing evidence that they may exist [186]. Fucus gardneri 
was able to convert arsenate to As (III) to DMA (V) after exposure to water, but 
MMA (V) was not detected [232]. There was an increase in one arsenosugar but it 
was accompanied by a decreased in another arsenosugar so there was no conclusive 
evidence that arsenosugars were produced by Fucus gar&ieri [232]. In laboratory 
experiments, arsenobetaine and arsenocholine were completely degraded by micro 
organisms in seawater [23 1]. Arsenobetaine was transformed within hours initially to 
dimethylarsinoyl acetate and then to DMA. Arsenocholine behaved similarly but at a 
slower rate [23 1]. 
Organisms in marine sediments can also degrade arsenobetaine to inorganic arsenic 
via trimethylarsine oxide (TMAO) under aerobic conditions [233]. In laboratory 
experiments arsenobetaine - containing growth media were incubated with suspended 
substances as a source of marine micro organisms. This mixture was able to degrade 
arsenobetaine to inorganic arsenic, TMAO and DMA (V) [234]. 
1.11.2.2.1.6 Sediment and sediment porewater 
Inorganic arsenic, MMA and DMA were observed in samples of estuarine sediment 
porewater (0.04-0.7 pg dm*3) which was collected from the Tamar estuary [235]. 
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Arsenic is released to porewaters of the Saguenay Fjord estuary, Canada from the 
degradation of organic matter [219]. Reduced As (III) was the predominant species in 
the suboxic/anoxic porewaters, of the Saguenay Fjord estuary, Canada. Although both 
Fe and managanese (Mn) oxides can oxidise As (III) to As (V) it is thought that Mn 
oxides are primarily responsible for the oxidation [219]. 
The methylation of arsenic may prevent the adsorption to sediment and result in less 
retention in the estuary [222]. Hasewaga el al. [212], has suggested that methylated 
arsenic species detected in the sediment interstitial water Lake Biwa, Japan could be 
the result of detritus degradation and/or the result of in situ bacterial methylation. 
Manganese-, iron-, and sulphate- reducing bacteria from anaerobic lake sediments can 
methylate and demethylate arsenic [160]. Bright el aL [236] found that the extent of 
methylation by sediment micro organisms and the proportion of different methylated 
species varied for different culture conditions. 
1.11.2.2.2 Particulate matter 
In oxidizing conditions As (V) becomes associated with particulate material and is 
released in reducing conditions. Suspended matter in natural water may occur as 
undissolved mineral and organic species that bind heavy metals [186]. Arsenic will 
adsorbed to particulate matter in water and this fraction has been found to be 
substantial [200,237,238]. As (V) readily adsorbs onto Fe oxyhydroxide particles. As 
(V) and As (III) can react with sulfide ions to form insoluble arsenic sulfide 
precipitates [201]. 
In groundwater samples in the United States, particulate arsenic accounted for more 
than 50 % of the total arsenic in 30 % of the samples collected [238]. In a site 
contaminated by mine wastes, the particulate material contained more than 220 times 
the amounts of arsenic than in solution [200]. Arsenic adsorbs to Fe hydroxide coated 
sand grains and clay minerals in parts of the Bengal basin in India and Bangladesh. It 
is trapped in sediments and released due to reducing conditions and microbial action 
[206]. 
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1.11.2.2.3 Soil 
Arsenic forms a variety of inorganic and organic compounds in soils [239] and is 
present mainly as inorganic species, either arsenates or arsenites [240]. Under oxic 
soil conditions (Eh > 200 mV; pH 5- 8), arsenic is commonly present in the +5 
oxidation state. However, As (III) is the predominant form under reducing conditions 
[240 - 242]. Both As (V) and As (III) species have been reported to be subject to 
chemical and/or microbial oxidation - reduction and methylation reactions in soils and 
sediments [243,244]. Organic arsenic compounds exist in both the trivalent and 
pentavalent states in soils [239]. 
Limited information is available on the concentration and nature of arsenic in soil 
solutions under field conditions [245]. However, considerable information is available 
on the solubility and nature of arsenic species under known reducing conditions 
simulated in the laboratory [240,246,247]. These studies reveal that under 
moderately reducing conditions, As (III) is the predominant species in the soil 
solution. Deul and Swoboda [246], found that there was an increase of As (111) in soil 
solution over time under flooded soil conditions, which they attributed to the release 
of arsenic during dissolution of Fe oxyhydroxide minerals that have a strong affinity 
for As (V) under aerobic conditions. 
1.11.3 Redox Transformation 
Natural geochernical and biological processes play critical roles in controlling the fate 
and transformation of arsenic in the subsurface. Arsenite is thermodynamically 
unstable in an aerobic environment and should oxidize to As (V); however, studies 
have shown that this reaction proceeds slowly when oxygen is the only oxidant. 
Cherry el aL [248] measured a slow rate of As (III) oxidation in water saturated with 
pure 02 at pH 7. After 6 months about 25 % of the As (111) had been oxidized 
compared with no oxidation in deoxygenated water. Eary and Schrarnke [249] 
measured a half-life of I to 3 years for oxidation of As (111) in water equilibrated with 
atmospheric oxygen. The rate of oxidation in these experiments was a minimum at pH 
5.5 and increased for both lower and higher pH values. Manning and Goldberg [2501 
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reported a significant increase in the rate of the oxidation of As (111) to As (V) in 
alkaline solutions (pH > 9) under atmospheric conditions [250]. 
The presence of other redox sensitive species increases the rate of As (III) oxidation 
[251]. Addition of ferric iron (Fe (III)) to oxygenated water increased the rate of As 
(III) oxidation below pH 7 [248] in agreement with thermodynamic predictions [2521. 
Oxidation of As (III) by Fe oxyhydroxide and goethite has been observed by some 
investigators [253,254] but not by others [255]. Ile reaction appears to be catalyzed 
by light. DeVitre et al. [256] measured only 17 % recovery of As (III) that had been 
added to Fe hydroxide for 10 days in the presence of light, but 91 % recovery in the 
absence of light. 
Mn oxides are commonly associated with aquifer solids and have been shown to be 
important oxidants of As (III). Oxidation of As (III) by Mn oxides is 
thermodynamically favourable over a wide range of pH [252], and several studies 
have provided direct and indirect evidence for this reaction [255,227,258]. The 
degree of Mn oxide crystallinity has a significant effect on the rate of As (111) 
oxidation. Highly ordered, low surface area pyrolusite (P-Mn02)oxidized As (111) at a 
much slower rate than poorly crystalline, high surface area birnessite and 
cryptomelane (a-Mn02) [259]. 
Oxidation of As (III) to As M by lake sediments has been attributed to the presence 
of Mn oxides [260]. In these experiments, elimination of dissolved oxygen and 
suppression of microbial activity had no effect on the rate of oxidation, However, 
treating the sediments with hydroxylamine hydrochloride or sodium acetate to remove 
Mn oxides significantly decreased oxidation of As (110 [261]. 
Oxidation of As (111) has also been observed in groundwater. Arsenite was injected 
into oxic (200 - 300 pmol dM73 02) and suboxic (I -6 pmol dnf3 02) zones of 
groundwater at a site on Cape Cod, Massachusetts, USA. Significant oxidation of As 
(III) to As (V) along a 2.2 m flow path was observed in both the oxic and suboxic 
zones [262]. Mn oxides are present in the mixture of oxides that coat these aquifer 
solids [263] and are the most likely electron acceptor in both the low oxygen (02) 
suboxic and possibly the oxic zones. 
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Clay minerals have also been reported to be capable of oxidizing As (III). Under a 
nitrogen atmosphere, oxidation of adsorbed As (III) by halloysite, kaolinite, illite, 
illite/montmorillonite, and chlorite increased with reaction time; oxidation was 100 % 
after 75 days [264]. The cause of oxidation was postulated to be the presence of Fe 
oxides or trace amounts of impurities such as iodide in the clay minerals. Manning 
and Goldberg [250] postulated that minor amounts of Mn oxides caused the observed 
oxidation of As (111) by kaolinite and illite in their experiments. 
Oxidation of As (III) to As (V) by micro organisms using 02 as the terminal electron 
acceptor has been reported in laboratory cultures [265,266]. This process has also 
been observed in natural settings. As (111) from geothermal sources entering a stream 
was rapidly oxidized to As (V) by bacterial colonies associated with macrophytes 
[267]. 
While As (III) can be metastable to varying degrees in aerobic environments, As (V) 
tends to be more rapidly reduced under anaerobic conditions. There have been 
numerous studies in recent years that have identified several different strains of 
bacteria capable of As (V) reduction. Reaction products include dimethylarsine [268], 
and inorganic As (111) [269 - 272]. Some microbes apparently reduce As (V) that has 
entered the cell to As (111), which is then excreted by a detoxification mechanism 
[273,274]. Other microbes can utilize As (V) as an energy source if a more preferable 
electron acceptor such as02is not available [271,275 - 277]. 
Arsenate reduction under abiotic conditions also has been measured. Both H2S and 
hydrogen (1-12) are capable of reducing As (V) to As (111) [248]. Arsenate reduction by 
H2S is rapid, and the rate increases with decreasing pH [278]. Intermediate by - 
products include arsenic sulphide species (H., AS3S3x3)which dissociate to 113AsO3 0 
within several days. Reduction of As (V) by aqueous Fe (11) was not observed in 
laboratory experiments [272]; however, reduction of As (V) to As (111) was observed 
in the natural gradient tracer experiment [262]. In this experiment, As (V) was 
injected into an anoxic groundwater zone containing high concentrations of dissolved 
Fe (11). Arsenate may have been reduced directly by Fe (11), with the aid of micro 
organisms, or As (V) may have been reduced by low concentrations of organic carbon 
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in this zone [262]. Abiotic As (V) reduction by humic substances also has been 
reported [254]. 
1.11.4 Adsorption Studies 
Adsorption is one of the reactions that controls the bioavailability and mobility of 
arsenic. Thermodynamic predictions show that some arsenic minerals could 
potentially control arsenic concentrations in groundwater under common geochemical 
conditions; however, these minerals are rarely if ever documented outside of a 
mineralized area [251]. Therefore, adsorption reactions between arsenic and mineral 
surfaces are generally the most important control of dissolved concentration of arsenic 
in groundwater environments where water supply is an issue. Adsorption of arsenic is 
a complex function of the interrelationship between the properties of the solid surface, 
pIL the concentration of arsenic and competing ions, and arsenic speciation [25 1 ]. 
1.11.4.1 Mechanism of adsorption 
Oxides of Fe, aluminiurn (M), and Mn are potentially the most important source/sink 
for arsenic in aquifer sediments because of their chemistry, widespread occurrence, 
and tendency to coat other particles. Upon exposure to water, metal ions on the oxide 
surface complete their coordination shells with OH groups [279]. Depending on pH, 
these OH groups can bind or release Ir, resulting in the development of a surface 
charge. The adsorption properties of oxides are due to the presence of these OH2+, 
OH, and 0* surface functional groups [280]. 
There are two widely accepted mechanisms for adsorption of solutes by a solid 
surface. Outer-sphere surface complexation, or non-specific adsorption, involves the 
electrostatic attraction between a charged surface and an oppositely charged ion in 
solution. The adsorbed ion resides at a certain distance from the mineral surface. 
Inner-sphere complexation, also termed specific adsorption, involves the formation of 
a coordinative complex with the mineral surface [279]. Inner-sphere complex bonds 
are more difficult to break than outer-sphere complex bonds and result in stronger 
adsorption of ions. 
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Arsenic adsorbs by ligand exchange with OH and OH2+ surface functional groups, 
forming an inner-sphere complex. This type of adsorption requires an incompletely 
dissociated acid (Le H2AsO4) to provide a proton for complexation with the surface 
OH group, forming H20 and providing a space for the anion [279]. These reactions 
can be written in several ways. For example: 
=SuffOH + H3As04o == SurfH2AS040 + H20 
(1) 
=SurfOH + H2As04'= = SurfflAsO47 + H20 (2) 
6 
=SuffOH + HAs04-2 = SurfAs04'2 + H20 (3) 
=SurfOH + H3As03o = SurfH2AS030 +H20 (4) 
=SurfUH + H2AsO3'= = SurfHAs03'+ H20 (5) 
=SurfOH + HAs03 
2== SurfAs03 2+ H20 (6) 
Where, =SurfOH represents the structural metal atom and associated OH surface 
functional group, and, =SurfHAs04'2 (for example) is the surface-arsenic complex, 
[281]. The energy required to dissociate the weak acid at the oxide surface varies with 
pH. As a result, the amount adsorbed varies with pH, for example, the dissociation 
constant for reaction 
H3As03o = H2AsO3'+ H+ (7) 
where the pKj = 9.2 [248]. Therefore, at pH 9.2 the free energy required to dissociate 
H3AS030 is a maximum and adsorption should be a maximum. 
Chemical evidence of inner-sphere complex formation between arsenic and oxide 
surfaces comes from experiments designed to evaluate the effects of ionic strength 
and pH on arsenic adsorption. Changes in ionic strength affect the electrostatic forces 
near the mineral surface [282]. Anions that form inner-sphere complexes coordinate 
directly with the oxide surface in a manner that is relatively independent of ionic 
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strength. In contrast, the formation of outer-sphere complexes by weakly adsorbed 
anions such as sulfate and selenate is sensitive to ionic strength. Experimental data 
from Hsia et aL [283] and Grossl and Sparks [284] show essentially no change in the 
concentration of As (V) adsorbed by ferrihydrite and goethite for ionic strength 
ranged from 0.005 to 0.1 mol dm7 3, consistent with an inner-sphere surface complex. 
Other investigators have demonstrated that adsorption of As (III) by amorphous 
AI(OH)3, kaolinite, and illite was independent of ionic strength (250). Adsorption of 
methylated As (V) species by ferrihydrite and Al oxide were also relatively 
insensitive to changes in ionic strength, indicating formation of inner-sphere surface 
complexes [285]. 
Inner-sphere surface complexation of arsenic has also been inferred from changes in 
the isoelectric point (EEP) of the adsorbing solid. The IEP of a solid is the solution pH 
at which the net charge on a particle is zero [280]. At pH values below the IEP, net 
surface charge is positive due to adsorption of excess H. At pH values greater than 
the IEP, net surface charge is negative due to desorption of W. Formation of inner- 
sphere surface complexes of anions has been shown to increase the negative charge of 
soil surfaces, thereby decreasing the IEP to the lower pH values. The amount of shift 
in the IEP depends on the ion and its concentration, as well as the particular solid 
surface. Adsorption of both As (III) and As (V) species have been found to lower the 
IEP of various oxides including goethite, ferrihydrite, gibbsite, and amorphous 
As(OH)3 [286-289]. The magnitude of the decrease depends on arsenic concentration. 
For example, Hsia el al. [283] measured a decrease in the IEP for ferrihydrite from 
pH 8 to pH 4 as As (V) concentration increased from 0 to 100 pmol dm73. 
Using Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, Waychunas 
el al. [290] determined the geometry of As (V) adsorbed on ferrihydrite and goethite 
and confirmed the formation of a binuclear, and to a lesser extent, monodentate inner- 
sphere surface complex. Manning el al. [291] used EXAFS to show that As (111) also 
forms inner-sphere surface complexes on goethite. A review of the molecular-scale 
structure and chemistry of arsenic adsorbed by crystalline and x-ray amorphous metal 
oxides is presented in the literature [292]. 
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Many studies have investigated the effects of different geochernical properties on the 
adsorption of arsenic species and have used controlled laboratory experiments to 
evaluate adsorption of arsenic by pure mineral phases, such as Fe, Al, and Mn oxides, 
and clay minerals. Since these mineral phases are often components of aquifer solids, 
the data from such experiments can be used to help interpret the behaviour of arsenic 
in groundwater. Such an approach has been used to assess arsenic adsorption by soils 
and lacustrine sediments [293-296]. 
1.11.4.2 Arsenic adsorption by iron oxides 
Iron oxides of varying crystallinity and composition are one of the most common 
phases associated with the aquifer solids. They can be present as discrete particles or 
as coatings on other mineral surfaces [251]. Many laboratory studies of arsenic 
adsorption have used unaged hydrous Fe oxide formed by rapid precipitation of Fe 
(III) from solution, or oxidation of Fe (II) followed by precipitation at the oxic/anoxic 
boundary. This phase has a stoichiometry near Fe203.21-120 and has been termed 
ferrihydrite [297]. Ferrihydrite is very poorly crystalline and has a large surface area 
which results in significant adsorption capacity [281]. The adsorption behaviour of 
ferrihydrite is considered to be analogous to that of recently formed, poorly crystalline 
Fe oxyhydroxides that are often associated with aquifer solids. 
The most important factor controlling arsenic species sorption is pH; pH has a major 
influence on aqueous arsenic speciation and on the composition of surface functional 
groups through protonation and deprotanation reactions. At pH values less than the 
IEP of a solid, the net charge is positive, facilitating adsorption of anions. At pH 
values greater than the IEP of a solid, the net charge is negative, facilitating 
adsorption of cations. However, sorption of anions can occur when net surface charge 
is negative, and cations can adsorb when net surface charge is positive [251]. 
The effect of pH on arsenic sorption differs between As (V) and As (111). Data for the 
sorption of As (111) and As (V) by ferrihydrite demonstrate characteristics of arsenic 
sorption commonly observed in laboratory batch experiments [291,294,298 - 302]. 
Arsenate sorption was greatest at low pH values and decreased with increasing pH, 
which is attributed to more favourable sorption energies between the more positively 
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charged surface and negatively charged H2AsO4'; the predominate species between 
pH 2.2 and 6.9. As pH increases above 6.9, HAs04 2' becomes the predominant 
aqueous species, surface charge become less positive, and sorption less favourable. 
However, even at pH 10 there were some surface functional groups capable of 
exchanging for As (V) [283,288]. For As (III), as pH increased above about 6.5, 
sorption of As (III) became greater than As (V). The predominant As (111) species in 
solution at pH values less than 9.2 is the neutral H3AsO3. At higher pH values, neutral 
H3As03 is more readily able to donate a proton to the surface OH group than the 
negatively charged As (V) species. The pH where the adsorption of As (111) becomes 
greater than As (V) is affected by the surface charge of the solid and generally 
decreases as the IEP of the sorbent decreases. 
Adsorption of the methylated As (V) species, (CH3AS02(OH)) and 
((CH3)2AsO(OH)), by ferrihydrite followed a pattem similar to As (V). Maximum 
adsorption of both species occurred at lower pH values and the amount adsorbed 
sharply decreased for pH values greater than 7 [285]. For any given pH, the 
negatively charged (CH3AsO2(OH)) sorbed to a greater extent than the neutral 
((CH3)2ASO(OH)). 
Goethite is a common Fe oxide component of aquifer solids and has also been 
synthesized in the laboratory for use in arsenic sorption experiments. The pH 
dependent characteristics for sorption of As (V) and As (III) by goethite are similar to 
ferrihydrite [252,284,291,303]. However, there is generally less sorption of arsenic 
by goethite than ferrihydrite on a per gram basis because the greater degree of 
cystallinity of goethite, results in lower concentrations of surface - complexation sites. 
For example, at an initial arsenic concentration of 250 pmol dnf3 g"' and a pH of 6, 
Sun and Doner [253] measured about 40 % less adsorption of As (V) and As (111) by 
goethite (surface area = 80 mý g") than Raven el aL [304] measured for ferrihydrite 
(surface area = 200 rný g7l). 
Hematite generally consists of more densely packed larger crystals than goethite and 
has a lower surface area [305]. Bowell [294] reported that sorption of As (V), As (111), 
NMA (V), and DMA (V) by hematite was about half as much as goethite. Other 
investigators have also measured lower concentrations of As (V) and As (111) sorbed 
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by hematite [306 - 308] than were reported for goethite and ferrihydrite in the 
previously cited studies. 
1.11.4.3 Arsenic adsorption by aluminium oxides and oxyhydroxides 
Oxides and hydroxides of Al also have significant sorption capacity for arsenic, and 
their pH dependent adsorption isotherms are similar to those for Fe oxides and 
hydroxides. Both have similar IEP's [310,31 1j. As (V), MMA (V) and DMA (V) 
were strongly sorbed up to about pH 7 by amorphous AI(OID3, crystalline Al(OfD3 
(gibbsite), a-A1203, and -f-A1203. Adsorption significantly decreases at higher pH 
values [285,287,308,310,311 - 313j. Arsenite sorption increased to a maximum at 
pH 8, then decreased at higher pH values [316 - 319]. In all these studies, the amount 
of sorption of arsenic species increased as initial aqueous concentration increased 
until sites became saturated. 
The degree of crystallinity of Al oxides and hydroxides also is important for arsenic 
sorption. Under comparable experimental conditions, x-ray amorphous Al(OH)3 
adsorbed more As (V) per gram than crystallineY-A1203and gibbsite [286,287,3 10, 
313]. Experiments that have compared arsenic sorption by Fe and Al minerals with 
similar structures are few. Gulledge and O'Conner [314] reported slightly greater 
sorption of As (V) per gram of hydrous Fe oxide than hydrous Al oxide at pH values 
of 5-8. The surface areas in these experiments were not reported. Manning and 
Goldberg [315] compared sorption of As (V) by goethite (44 rný S71) and gibbsite (45 
M2 g7l), between pH 5 and 9, gibbsite sorbed about 17 % less As (V) than goethite. 
1.11.4.4 Arsenic adsorption by manganese oxides 
Mn oxides in natural systems are often complex minerals characterized by poor 
crystallinity and mixed oxidation states [316]. In addition to being electron acceptors 
in the oxidation of As (III) to As (V), Mn oxides can also adsorb arsenic. Arsenate 
sorption by synthetic bimessite (IEP - 2.5) was reported to be negligible [252,255, 
259]. At the pH values used in these experiments (4 - 7), the negatively charged 
species, H2AsO4', apparently could not overcome the energy barrier required to 
displace a functional group from the negatively charged birnessite surface. However, 
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A As (111) was sorbed by birnessite at pH 7; the neutral charge on H31 LS03 results in 
lower energy barrier to exchange with surface functional groups [259]. Chiu and 
Hering [257] reported about 30 % greater sorption of As (111) by manganite 
(IEP = 6.2) at pH 4.0 than at pH 6.3. These results are contrary to most observations 
of As (III) sorption by Fe and Al oxides where sorption increases between pH 4.0 and 
6.3. 
Adsorption of both As (111) and As (V) by Mn oxides crptomelane (IIEP = 2.9) and 
pyrolusite (IEP = 6.4) have been reported [259]. Differences in the degree of 
crystallinity between these two minerals had a significant effect on arsenic sorption. 
Cryptomelane, with a greater surface area (34.6 hmý kg7l) adsorbed more 
(637 ILmol drrf3 g") compared to only 32 [imol dnf3 g-I sorbed by pyrolusite 
(0.8 hmý kg"). 
1.11.4.5 Arsenic adsorption by silicon oxides 
Oxides of silicon (Si) have an EEP near pH 2. As a result, they have a net negative 
charge at pH values common in water and are not good adsorbents for anions [317]. 
Adsorption of As (V) by quartz was negligible for pH values above 3 [308]. Transport 
of As (V) through a column packed with acid purified silica sand exhibited minimal 
adsorption [318]. Complete breakthrough of As (V) occurred at pore volume 1.5, 
versus the expected pore volume of 1.0 for a nonreactive solute. 
1.11.4.6 Arsenic adsorption by clay minerals 
Aluminosilicate clay minerals are composed of alternating layers of Si oxide and most 
commonly, Al oxide. There are several different types of sites on clay minerals that 
can potentially adsorb ions. By analogy with amorphous silica and quartz, OH groups 
of silica sheets have a negative charge above pH 2 and are not predicted to react with 
arsenic. Only the OH groups associated with Al ions exposed at the edges of clay 
particles are considered to be proton acceptors and able to complex anionic species of 
arsenic [282]. Thus, the same geochemical properties that control sorption of arsenic 
by Al oxide minerals are also important for clay minerals, specifically pH, arsenic 
concentration and speciation, and the concentration of adsorption sites [25 1 ]. 
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Results from experiments evaluating arsenic sorption by different clay minerals have 
shown in all cases, that sorption per gram solid of both As (III) and As (V) increased 
with initial solution concentration of arsenic. Maximum sorption of As (V) by 
kaolinite, montmorillonite, illite, halloysite and chlorite occurred up to pH values 
near 7, then decreased with further pH increases [250,264,319,320]. Adsorption of 
As (III) by these same clay minerals was a minimum at low pH and increased with 
increasing pH. As (V) adsorbed to a greater extent than As (III) on all clay minerals at 
pH < 7. At higher pH values, adsorption of As (V) and As (III) were more 
comparable, and in some cases As (III) sorption exceeded that of As (V) [264,319]. 
Surface area can be an important factor in adsorption of arsenic by clay minerals. 
Frost and Griffin [319] found that montmorillonite adsorbed about twice as much As 
(111) and As (V) as kaolinite. The surface area of montmorillonite was 2.5 times 
greater than kaolinite. In experiments using a poorly crystallized kaolinite with a 
surface area comparable to montmorillonite, the amount of As (V) adsorbed was 
about the same. Halloysite and chlorite were found to adsorb As (V) to a much greater 
extent than kaolinite, illite, and montmorillonite [264]. The authors attributed this 
behaviour to the much larger surface area of the highly disordered halloysite. The 
chlorite used was an Fe rich species, which could have provided additional surface 
functional groups at Fe-OH sites. However, results from Manning and Goldberg [289] 
show that surface area is not always a good indicator of As (V) adsorption by clay 
minerals. They found that kaolinite (9.1 m2 g") adsorbed 30 % more As (V) than illite 
(18.6 m2 g*') and 50 % more than montmorillonite (24.2 m2 g"') [289]. 
1.11.4.7 Arsenic adsorption by carbonates 
There is evidence that carbonate minerals could be important in controlling the 
aqueous concentrations of arsenic, especially at higher pH values. Oscarson el al. 
[261] measured no adsorption of As (111) by calcium carbonate (CaCO3) at pH 7. 
Goldberg and Glaubig [320] observed that adsorption of As (V) by calcite increased 
from a minimum of 0.7 mmol kg7l at pH 6 to a maximum of 2.0 mmol kg*1 at pH 11. 
La Force el al. [321] observed that arsenic was associated with the carbonate 
extractable fraction of sediment in a wetland influenced by mine wastes. Cheng el al. 
[322] allowed a solution of As (111) to react with calcite. Using data from X-ray 
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standing wave diffraction they concluded that As (III) was removed from solution and 
occupied the carbonate sites on the calcite surface [322]. These studies indicate that 
sorption of arsenic in carbonate groundwater systems could be important. 
1.11.4.8 Arsenic sorption by humic acids 
Sorption of arsenic by two humic acids was a function of pl-L arsenic speciation and 
the humic acid composition [323]. For both humic acids studied by these authors, 
sorption of As (V) was slightly greater than As (III). However, the pH effect differed 
with humic acid composition. As (V) sorption by the humic acid with a higher ash and 
Ca content was a maximum at pH 6, whereas As (III) sorption was a maximum at pH 
8.5. For the lower ash and Ca content humic acid, both As (V) and As (111) exhibited 
broad adsorption maxima between pH 5.5 and 7.5. 
1.11.4.9 Arsenic adsorption by soils 
The surfaces of soil and lacustrine sediment particles tend to contain mixtures of 
various oxides and clay minerals that can be similar to those found on aquifer solids, 
although the organic carbon content of soils and lacustrine sediments is generally 
greater [251]. Chemical extraction methods have been used to qualitatively identify 
the mineral phases in soils associated with arsenic sorption. Generally, adsorption of 
As (III), As (V), MMA (V), and DMA (V) have been positively correlated with the 
Fe, Mn and Al oxide, organic matter and clay mineral content of soils [295,296,325 
. 328]. 
Manful el al. [329] used batch experiments to study arsenate sorption by two soils in 
relation to pH and selected anions. Sorption decreased with increasing pH which the 
authors attributed to the increased repulsive forces between the soil surface and the As 
(V) ions. The rate of decrease of sorption with increasing pH was found to be less at 
low initial equilibrating As (V) concentration. Smith el al. [330] have studied ten soils 
varying widely in chemistry and mineralogy to examine the physical and chemical 
properties that influence arsenic sorption in soils [330]. The sorption of As (V) and As 
(110 was measured using a batch technique with arsenic concentrations added in 
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background solutions of NaN03 (0.003 - 0.3 mol dni73) and a pH range of 2.0 - 8.5. 
The soils generally sorbed more As (V) than As (IH) at equivalent concentrations. 
In general, highly oxidic soils sorbed more As (V) than soils containing small 
amounts of oxidic minerals. The effect of pH on arsenic sorption vary considerably 
among soils. In soils with low concentrations of oxidic minerals, increasing pH had 
little effect on the amount of As (V) sorbed while in highly oxidic soils, sorption of 
As (V) decreased with increasing pH. In contrast to As (V), sorption of As (III) 
increased with increasing pH. The effect of ionic strength on arsenic sorption varied 
between the arsenic species [37,330]. A review of arsenic in the soil environment is 
available in the literature [245]. 
1.11.4.10 Ionic competition for binding sites 
Appreciable quantities of both inorganic and organic species are present in many soils 
and aquatic systems which have influence on arsenic sorption [245,25 1 ]. Solutes can 
compete directly with arsenic for available surface binding sites and indirectly 
influence adsorption by alteration of the electrostatic charge at the solid surface. Both 
process are influenced by pH, solute concentration, and the intrinsic binding affinity 
of the solid [282]. These competing ions include: 
1.11.4.10.1 Phosphate 
Spectroscopic studies have shown that the surface species formed by phosphate (P 
(V)) are identical to those formed by As (V) [290,33 1 ]. Adsorption experiments have 
demonstrated that the affinity of P (V) for surface sites is similar to As (V) [289,315, 
332,333]. Experimental data from Jain and Loeppert [334], Fig, 1.8, show the 
influence of P (V) on adsorption of As (V) and As (110 by ferrihydrite as a function of 
pH. The P (V)/As (V) ratios (1: 1 and 10: 1) used in these experiments are within the 
range reported for many groundwaters. Sorption of both As (V) and As (111) decrease 
with increasing concentration of P (V). For As (V), the decrease was significant over 
the entire pH range. Competition for sorption sites between As (V) and P (V) involves 
species with the same charge. At pH values less than 7, H2AsO4* and H2PO; 
predominate. At higher pH values, HAs04 2* and HP04 2' predominate. Phosphate had 
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the greatest effect on As (III) sorption at lower pH values. At pH 9, sorption of As 
(III) decreased by only a few percentage, even at the highest P (V) concentration. 
Apparently, the neutral H3AS03 was better able to compete for surface - complexation 
sites with BP04 2- at higher pH. 
Phosphate competition with As (V) has been observed for other adsorbents. Hingston 
el aL [313] measured an 85 % decrease in As (V) sorption by goethite when P (V)/As 
(V) ratio was increased from zero to 12: 1. Manning and Goldberg [315] reported that 
aP (V)/As (V) ratio of 1: 1 caused a30% decrease in As (V) sorption by goethite and 
gibbsite at pH values less than 8, compared to P (V) - free solutions. Similar effects of 
P (V) on As (V) sorption were observed for kaolinite, montmorillonite, and illite. 
Adding P (V) to natural systems, such as soils, has also been found to increase the 
mobility of arsenic [318,335 - 338]. 
Fig 1.8 - Effect of phosphate on adsorption of As (V) and As (IM by ferrihydrite. 
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1.11.4.10.2 Sulfate 
Macroscopic chemical evidence indicates that sulfate (S (Vl)) adsorbs via electrostatic 
attraction as an outer-sphere complex and should therefore have much less effect on 
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arsenic sorption than inner-sphere complex formers such as P (V) [25 1 ]. S (VI) would 
only be expected to adsorb when net surface charge is positive, i. e., at pH values 
below the EEP of the solid [279]. This is consistent with experimental data for S (VI) 
sorption by synthetic ferrihydrite [281] and natural aquifer solids [339]. Experimental 
data from Jain and Loeppert [334], Fig. 1.9 show the influence of S (VI) on adsorption 
of As (V) and As (III) by ferrihydrite as a function of pH. The S (Vl)/As (V) or (III) 
ratios for Fig. 1.9, are 10: 1 and 50: 1 which reflect the fact that S (VI) concentrations 
in groundwater are generally much greater than arsenic. Sulfate had essentially no 
effect on As (V) sorption over the entire pH range. At the highest S (VI) 
concentration, sorption actually increased by a few percentage, which the authors 
attributed to a possible ionic strength effect. There was a decrease in As (III) sorption 
for both S (VI) concentrations at pH <7 but no effect at higher pH. 
Fig. 1.9 - Effect of sulphate on adsorption of As (V) and As (111) by ferrihydrite. 
Ionic strength, 0.1mol dm -3 ; concentration of ferrihydrite, 2g dm3 12881 
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For aS (VI)/As (III) ratio of 4,000: 1, As (IJI) sorption by ferrihydrite was suppressed 
by 20 % at pH 7 and 70 % at pH 4. However, As (V) sorption decreased by only a few 
percentage at pH 5 [302]. Xu el al. [308] suggests that at pH < 7, the 
so 
SO 4 2, ( 20 mg dm73) anion decreased the sorption of As (V) on alumina. Increasing the 
sulfate concentration (40 mg dfff3 ) had little effect on As (V) sorption, indicating that 
the sorption mechanism of As (V) and sulfate were not identical. 
1.11.4.10.3 Carbonate 
There is little evidence in the literature to indicate that carbonate species may have 
some effect on sorption of arsenic. In groundwater, all three species of carbonate, 
H2C03, HC03' and C03 2- can be present. Meng el al. [300] measured no effect of 
C03 2- on the sorption of As (111) and As (V) by ferrihydrite. These experiments were 
conducted in equilibrium with air and total C03 2- concentrations was 0.01 mmol drn3 - 
Fuller el aL [340] reported little effect of 3 mmol dM-3 C03 2- in stream water on 
sorption of As (V) at pH 8. In a column experiment using sand containing Fe oxide 
coatings, there was essentially no difference (< 5 %) in transport of As (V) at pH 8.5 
between solutions buffered with C02 (I mmol dm"3 C03 2) and N2 (< 0- 1 mmol dnf3 
C03 2). 
Some other workers have shown thatC03 2- may have some effect on sorption of As 
(111) but not As (V). Appelo and De Vet [341] presented evidence which suggested 
that sorption0f C03 2" by ferrihydrite decreased sorption of As (111) and to a lesser 
extent As (V) in a shallow aquifer, CO 3 2" concentration in groundwater was 5 mmol 
d63and pH values were between 7.1 and 7.8. Results from these experiments suggest 
that higher concentrationsOf C03 2- often found in groundwater may have an effect on 
arsenic adsorption. 
The existence of arsenic carbonate complexes has been investigated by Lee and 
Nriagu [342] in their exploratory research. Attempts are made to form the complexes 
by bubblingC02gas in arsenic trioxide solution for 24 h. Ion chromatography of the 
solution showed shifts and peaks broadening among the As (III) peak and the 
emergence of new peaks not found in solutions containing only C02 or As (111) in 
Milli-Q water. Results from this study and a previous study [343] suggest that the 
carbonate of sulfide minerals maybe an important pathway for leaching arsenic into 
groundwater under anaerobic conditions, and provide further evidence for the 
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formation of arsenic - carbonate complexes. Likely arsenic - carbonate complexes are 
thought to be As(C03)3-, AS(C03)(OH)2, As(C03)2(OH)2'and AS(C03)+[342]. 
1.11.4.10.4 Silica 
Silicic acid (114SiO4) has also been shown to effectively compete with arsenic for 
sorption sites [344]. Sorption of As (III) and As (V) at pH 6.8 began to decrease in the 
presence of I mg drn-3 Si; at 10 mg dmý Si, sorption decreased by 70 % for As (V) 
and 80 % for As (111) [3 00,345]. 
1.11.4.10.5 Organic compounds 
The presence of dissolved organic solutes can also compete for sites with arsenic. 
Fulvic acid decrease sorption of As (V) by Al oxides. The effect was most 
pronounced at pH values <7 but occurred to some extent even at higher pH [308]. 
Similarly, the decrease in sorption of As (V), As (lip, MMA (V), DMA (V) by Fe 
oxide in the pH range 4-8 has been reported [294]. Natural organic matter had little 
effect on sorption of As (V) by ferrihydrite at pH 6, however at pH 4,4 mg dnf 3 of 
natural organic matter did decrease sorption of As (110 on ferrihydrite by 50 % [3461. 
1.11.4.10.6 Calcium and magnesium 
Some solutes have been reported to enhance sorption of arsenic. An example is the 
sorption of Ca by ferrihydrite at pH 9, which resulted in an increase in As (V) 
sorption, apparently by increasing the amount of positive charge on the oxide surface 
[302]. The presence of Ca also enhanced sorption of As (V) by Al oxide at pH >8 
[287]. The competitive effect of Si on arsenic sorption by ferrihydrite was reduced by 
the addition of Ca and Mg to the suspensions [300]. 
1.11.4.11 Adsorption kinetics 
The kinetics of sorption of As (111) and As (V) by metal oxyhydroxides has been 
reported to be rapid, with more than 90 % occurring within a few hours [284,306, 
307,308,310,318,324,340]. This initial rapid adsorption step is followed by a 
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slower approach to equilibrium which may take up to several days. The slow rate of 
approach to equilibrium suggests that diffusion - controlled mass transfer of arsenic to 
sorption sites in the internal porosity of minerals and mineral aggregates may be the 
rate limiting step [340,347]. Fuller and Davis's [348] experimental results support 
this hypothesis. The authors measured As (V) sorption as ferrihydrite precipitated 
from solution, ensuring that As (V) was in contact with the surface sites as they 
formed. Equilibrium was attained within one hour. Using EXAFS to study time 
dependence of As (V) sorption on ferrihydrite, Waychunas el al. [290] observed no 
change in the bonding mechanism with time and found no evidence for formation of 
an As (V) mineral phase. 
The type of arsenic species and pH affect the rate of sorption. Generally, As (V) sorbs 
faster than As (III) especially at lower pH [287,301]. At a pH of 9, the rate of As (V) 
sorption was slower and similar to As (111) [287,304,311]. Conventional methods 
(batch and flow methods) are too slow to observe the kinetics of most surface 
chemical reactions [245]. The pressure - jump relaxation technique allows the 
determination of extremely rapid surface chemical reactions. Grossl et aL [347] 
investigated the rapid sorption of As (V) and chromate on goethite using the pressure 
- jump technique. From their results, they proposed that the rapid sorption of As (V) 
on goethite was a two - step process that resulted in the formation of an inner sphere 
bidentate complex [347]. This was in agreement with EXAFS spectroscopy data 
obtained by Fendorf et aL [348]. 
Column experiments have been used to provide evidence for diffusion of arsenic to 
sorption sites as a rate - controlling mechanism. According to Darland and Inskeep 
[349] the adsorption rate constants for As (V) determined under batch conditions were 
smaller to those necessary to model breakthrough curves for As (V) from columns 
packed with iron oxide coated sand. The rate constants needed to model the 
breakthrough curves increased with pore water velocity. Puls and Powell [3501 have 
also measured more retardation and smaller rate constants for As (V) at slower now 
velocities where there was sufficient time for diffusion to adsorption sites. 
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1.11.4.12 Desorption of arsenic 
Desorption of strongly - bound ions often takes longer to attain equilibrium than 
adsorption. Several factors may contribute to adsorption/desorption mechanisms 
including differences in the aqueous composition of the adsorbing and desorbing 
solution, diffusion, time and the nature of the adsorption bond [160]. 
Fuller et aL [340] measured desorption rates for As (V) from ferrihydrite, aged for 24 
h, as a result of increasing pH. As (V) was first equilibrated with ferrihydrite for 144 h 
at pH 8.0, desorption was initiated by rapidly increasing the pH to 9.0. Within few 
hours, the molar ratio of As (V)/Fe (111) had decreased to about 0.08. The rate of 
desorption then slowed as the rate became limited by diffusion of As (V) from pores 
within mineral aggregates [340]. 
Elkhatib el aL [324] reported that as As (III) desorption was quite hysteric and only 
slowly desorbed from five soils where As (111) had been in contact with the soils for 
24 h. Addition of a strongly competing ion can enhance desorption of arsenic [349]. 
In a column experiment at pH 4.5, a one pore volume pulse of 143 Rmol dM"3 As (V) 
was added to a column packed with sand followed by elution with 20 pore volumes of 
As (V) - free water. About 20 % of the As (V) was recovered. The column was then 
continuously eluted with 1420 [imol dnf3 p (V), which resulted in an additional 40 % 
recovery of As (V) [349]. Lin and Puls [264] investigated the effects of aging on 
desorption of As (111) and As (V) by clay minerals. Arsenic desorption varied with the 
type of clay mineral, arsenic species and in most cases time of aging. 
Initial arsenic concentration was also a factor in the amount desorbed. Puls and 
Powell [350] measured desorption of As (V) from ferrihydrite in batch experiments 
by repeated mixing with arsenic - free solutions. They found that the percentage 
desorbed was directly proportional to the initial As (V) concentration [350]. 
Grossl and Sparks [284] have shown that the type of bond formed between arsenic 
and the solid surface is an important factor in arsenic desorption. Using pressure - 
jump relaxation technique, they concluded that in the initial sorption step, a 
monodentate surface complex was rapidly formed by ligand exchange with OH 
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groups. This was followed by a slower, second ligand exchange reaction resulting in 
one formation of a bidente complex. Thus, the sorption rate constant reflected the 
rapid monodentate step, whereas the desorption rate constant was controlled by the 
slower breaking of the bidentate bond. 
1.11.4.13 Adsorption models 
Two general types of models have been developed to describe adsorption/desorption 
reactions at mineral surfaces: (i) empirical models that are based on the partioning 
relationships of a solute between the aqueous and solid phase; and (ii) conceptual 
models for surface complexation that treat adsorption reactions similar to ion 
association reactions in solution. All of these models assume that adsorption reactions 
are at equilibrium [25 1 ]. 
1.11.4.13.1 Empirical adsorption models 
The models describing the Distribution Coefficient are the widely used empirical 
models [351]: 
r=KdC 
The Langmuir Isotherm: 
IF = KLSC/(1 + KLQ 
And the Freundlich Isotherm 
IF = KFCa 
Where, IF = the amount bound or sorbed 
C= the aqueous concentration at equilibrium with solid phase 
S= the sorption site concentration 
Kd= the distribution coefficient 
Ko= the Langmuir equilibrium constant 
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Kf = the Freundlich equilibrium constant 
a= the Freundlich exponent 
Equilibrium constants for empirical models are determined from measurements of the 
activity of a solute in water and the equilibrium adsorbed concentration. Experiments 
usually consist of a series of batch reactors where a solid phase is suspended in 
solutions that have a range of known solute concentrations. Equilibrium constants are 
then derived from various types of plots of the adsorbed and aqueous concentrations 
[251]. These equilibrium constants are highly dependent on solution and solid 
composition. For example, values of KL and Kf for arsenic sorption have been shown 
to be a function of pl-L the concentration of competing ions and the mineralogy of the 
adsorbent [298,301,311,313,318,326]. Therefore empirical models are limited to 
the specific experimental conditions used to determine the logs [25 1 ]. 
Modifications to the Langmuir and Freundlich isotherm equations have been made to 
extend their flexibility for accommodating the effects on arsenic sorption of pH 
variability [286] and ionic competition [313,336]. However, even these modified 
equations are limited in their ability to simulate arsenic adsorption in complex natural 
environments [251]. 
1.11.4.13.2 The Distribution ratio concept (Rd) 
The distribution ratio of a solid phase absorbent to that in the solution phase can be 
written for a simple batch experiment as: 
Kd = 
Csohd 
CMIn. 
Where, Csolid (mol kg") and C,.,,, (mol dM73) are the total equilibrium concentrations 
of the adsorbent sorbed and in solution, respectively. Kd assumes that the sorption is 
reversible, rapid and independent of the solute concentration. Criticisms have been 
made into the experimental determination and use of Kd values as it is strictly a 
thermodynamic parameter and the assumptions made must be adhered to [352 - 354]. 
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During the experimental measurement of the sorption the following question must 
be 
asked: 
Is precipitation occurring? 
- Have the unoccupied surface sites been filled? 
- Has there been complete phase separation 
in the batch adsorption 
experiments? 
- Is the adsorption rapid? 
- is the adsorption reversible? 
If these assumptions are not met (or known), then a distribution ratio (Rd) is obtained. 
Rd ý-- 
co-C 
[dm"3 kg7l] 
c 
Where C. is the initial concentration of the adsorbent in solution and C is the 
concentration of adsorbent in solution after sorption [355]. 
The distribution ratio can also be determined experimentally from the logarithm plot 
of the concentration of adsorbent sorbed. to the solid (109 Caolid or log r) against the 
concentration of adsorbent remaining in solution phase (log C,.,,, ), the intercept is 
equal to log Rd and the slope gives the value of the Freundlich exponent [3 521. 
1.11.4.13.3 Surface complexation models 
Surface complexation models (SCM's) provide a rational interpretation of the 
physical and chemical processes of adsorption and are able to simulate adsorption in 
complex geochemical systems. Chemical reactions at the solid solution interface are 
treated as surface complexation reactions analogous to the formation of complexs in 
solution. Each reaction is defined in terms of a mass action equation and an 
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equilibrium constant. The activities of adsorbing ions are modified by coulombic term 
to account for the energy required to penetrate the electrostatic - potential field 
extending away from the surface. Detailed information on surface complexation 
theory and the models that have been developed can be found in the literature [281, 
282) 356,357]. 
The more commonly used models include the Constant Capacitance Model [358], the 
Diffuse Double Layer Model [359] and the Triple Layer Model [360,361]. All are 
based on electric double layer theory but differ in their geometric description of the 
oxide - water interface and the treatment of the electrostatic interactions [25 1 ]. 
The application of SCM's to describe adsorption requires accurate solution speciation 
of all elements that might have an effect on the activity of the adsorbing solute of 
interest. Incorrporation of SCM's in geochernical equilibrium models such as 
MINTEQA2 [362] and PHREEQC [363] have greatly facilitated such calculations. 
1.11.5 Mobility and Transport of Arsenic 
The mobility of arsenic in aquatic environments is controlled by arsenic oxidation 
states, stability of solid minerals and the chemical composition of waters [364]. 
Groundwaters containing high arsenic concentrations usually have low dissolved 
oxygen and high soluble iron. Arsenic can be released into water as a result of either 
reduction of As (V) and Fe hydroxides or oxidation of arsenic sulphide minerals. 
Coexisting solutes, such as phosphates and silicates can compete with arsenic for the 
surface sites, thus increasing the mobility of arsenic [300,365]. It is also assumed that 
the formation of arseno - carbonate complexes could increase the release of arsenic 
from sulphide minerals [343]. Joshi and Chaudhuri [366] cluted either As (111) or As 
(V) through columns packed with Fe oxide - coated sand at p1l 7.6. Breakthrough 
curves exhibited slightly greater retardation of As (III) than As (V). In a column 
experiment with Fe oxide - coated sand at pH 5.7, Gulens et al. [367] observed that 
As (110 moved 5-6 times faster than As (V) under oxidizing conditions with 
reducing groundwater (pH 8.3), both As (111) and As (V) moved rapidly through the 
column. 
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The mobilization of arsenic species in sediments is controlled by redox potentials, PH, 
microbially mediated transformation and sorption processes [368]. Reducing 
conditions beneath the sediment water interface results in the dissolution of Fe 
oxyhydroxides and the release of As (V) to the porewater and overlying water. The 
effect of redox transformation on arsenic mobility has been studied by incubation of 
lake sediment samples under controlled redox potentials. It was observed that under 
oxidizing conditions (pE = 3.4 to 8.4) and at pH 5, soluble arsenic was approximately 
25 tig dnf3 and 65 - 98 % of the soluble arsenic was present as As (V). Upon 
reduction of pE to -3.4, the soluble arsenic concentration increased to approximately 
250 [Lg dnf3with sulphide and iron concentrations increasing to 2.8 and 152 mg dnf3 
respectively [369]. 
There have been few studies of the transport of arsenic in aquifers derived from 
natural sources [370]. Most studies of arsenic leaching have concerned ihdustrially - 
contaminated sites. Kuhlmeier [371,372] studied the transport of arsenic in highly- 
contaminated clay and sandy soils from around an old arsenic herbicide plant in 
Houston, Texas. Column experiments were used to estimate apparent Kd values which 
were time and implicitly concentration - dependent. 
1.11.5.1 Modeling transport of arsenic 
Predictions of the spatial and temporal distribution of arsenic in groundwater are 
achieved by coupling adsorption models with solute transport models [251]. 
Empirical sorption models have been widely used to model transport of reactive 
solutes in groundwater. The main advantage of these is their mathematical simplicity 
which readily allows incorporation in solute transport models [373]. However, these 
models are limited in their ability to describe arsenic sorption in complex geochernical 
systems [25 1 ]. 
A more recent approach has been the coupling of geochemical speciation models with 
advective - dispersive solute - transport models. The chemical reactions for each cell 
in the model are solved separately by the geochernical model. Species are then 
transported one time step by the transport model. This process is repeated sequentially 
until the end of the simulation [251]. Several such codes have been developed, 
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including TRANQL [374], HYDROGEOCHEM [375], MSTID [376], PHAST [377, 
378], MOC PHREEQC [379], and PBREEQC [380]. This coupled approach has been 
successfully applied to groundwater investigation [3 81 -3 83]. 
1.12 Objective of this Thesis 
The experimental objectives of this thesis are to investigate two specific areas of 
interest to environmental chemist concerned with arsenic in the environment. Firstly, 
the interaction of arsenic species (As (V), As (III), and DMA (V)) with humic acid in 
water, and secondly the identification of organically bound arsenic in soil. 
The aqueous chemistry aspect of this research will be based on using 
laboratory batch experiments to measure the equilibrium constant (Log 
K) values for arsenic species interaction with humic acid under varying 
conditions of pIL arsenic concentration, humic acid concentration and 
ionic strength. The aim was to measure equilibrium constants that 
could be used in speciation models. 
The soil chemistry aspect will be focused on (a) method development 
for identification of organically bound arsenic in soils, (b) 
measurement of arsenic bearing phases in soil samples by extraction 
experiments, and (c) the use of chemometric mixture resolution for 
data processing. 
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CHAPTER TWO 
THEORY and EXPERIMENTAL 
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2. Theory and Experimental 
2.1 Theory 
Both arsenic (H3AsO4) and arsenious (H3AsO3) acids are tribasic, dimethylarsinic 
acid ((CH3)2AsO(OH)) is dibasic. Their reactions and dissociation constants [384] are 
as follows-- 
H3AS04 4* H+ + H2AS04' 
Kl= [H] [H2AS0471 / [H3AS041 = 6.31 x 10-3 mol dm3 (i) 
H2AS04" <* Er + 1IM04 2- 
K2-2 [W] [11M04 2, ] / [H2AS04"] = 1.07 x 10'7 mol dM-3 (ii) 
IlAsO4 2, <* Er + As04 
K3ý [11+1 [AS04 3-] / [jjMo 421=2.95 x 10-12 mol dm3 (iii) 
H3AS03<* W +H2AS03' 
Ki= [H+l [H2AS03'1 / [H3As031 = 6.03 xI O"o mol dni-3 OV) 
H2AsO3'<*W + HAS03 2. 
Kf'ý [H+l RUS03 2-] / [H2AsO3] = 7.41 x 10*13 mol dM-3 (V) 
IIAS03 2,, C-* II+ +AS033' 
K3ý[H+I[As% 31/ [HAs03 2-] = 3.98 x 10,14 mol dnf3 
(CH3)2AsO(011) <* W+ (CH3)2AS02' 
(vi) 
Kl-= [W] [(CH3)2AS021 / [(CH3)2AsO(011)] =-- 6.31 X 10-7 mol dM-3 
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The speciation diagrams depicting the influence of pH on the different forms of 
arsenic are presented in Fig. 2.1,2.2 and 2.3 drawn using CHESS [385] computer 
programme. 
Fig. 2.1 - Effect of pH on As (V) speciation in the absence of HA at zero ionic 
strength 
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Fig. 2.2 - Effect of pH on As (111) speciation in the absence of HA at zero ionic 
strength 
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Fig. 2.3 - Effect of pH on DMA speciation in the absence of 
HA at zero ionic 
strength 
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The speciation diagrams depicting the influence of pH on the different forms of humic 
acid are presented in Fig. 2.4 which was modelled using Tipping's Model V which is 
briefly described below [386]. 
2.2 Humic Acid Model Description 
The humic molecule is considered to have a limited number of types of discrete sites, 
at which protons and metals bind. The binding is described by equilibrium quotients, 
which have the form of equilibrium constant expressions, but which depend upon the 
net (usually negative) charge on the humic molecule. Use is made of intrinsic 
equilibrium constants [387], which refer to the reaction in question taking place under 
(usually hypothetical) charge less conditions. In this way, the additional binding 
energy due to the attraction of ions to the humic molecule surface is taken into 
account. This electrostatic effect can be regarded as giving rise to an enhanced local 
activity in the vicinity of the binding site. In addition, the model recognizes binding 
simply due to the accumulation around the humic molecule of counter ions. The 
model equations describe the distribution of ions in the humic - bulk solution system, 
thus relating solution activity to amount bound. 
64 
2.2.1 Binding sites 
The humic substances carry carboxyl groups, with intrinsic pK values of less than 
about 7, and weak-acid groups (e. g., phenolic OH), with higher intrinsic pIcs. As in 
previous work [3 88,3 89], it was found that a range of pK values for the acid groups 
had to be assumed in order to account for proton dissociation data. Thus, there 
assumed to be eight proton - dissocating sites, described by four parameters as 
follows: 
AnKA 
pKI = pKA - 
'- 
2 
pK2 = pKA 
APKA 
6 
PK3 = PKA +6 
pK4 = pKA +2 
pK5 = pKB 
ApKB 
2 
pK6 = pKB 
ApKB 
6 
pK7 = pKB +- 
ApK, 
6 
pKg = pKB + 
APKB 
2 
It is assumed that there are equal numbers of sites 1 to 4 and 5 to 8. The total number 
of type A sites nA (eq g7l), is the carboxyl content of the humic sample. On the basis 
of published data for various humic substances [390,391], the content of type B sites 
is assumed to be nA12. The estimated model parameters is given in Table 3, which is a 
mean of published literature values for various hurnic substances. 
It was assumed that modelling Aldrich humic acid interaction, as used in this study, 
could be achieved by using the same values as is shown in Table 3. This assumption 
was supported by the research findings of Environment Agency Humics Project [392], 
in which the technical report concluded that 
"The evidence suggest that although humic samples from different sites may have 
certain intrinsic differences, molecular weight, etc, in terms of their interaction with 
metals, their behaviour is remarkably uniform. This applies to both equilibrium and 
kinetic parametere'. 
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Table 3- Optimized parameters from proton dissociation data for humic acid 
13861 
Parameter Nomenclature Value 
103 nA Content of type A proton 4.7 
dissociating groups 
pKA Intrinsic proton dissociation 3.3 
constants 
pKB Intrinsic proton dissociating 9.6 
constants 
ApKA Range parameters for proton 3.3 
dissociation constants 
ApK,, Range parameters for proton 5.5 
dissociation constants 
-P constant 103 
Fig 2.4 - Effect of pH on humic acid (HA) speciation at zero ionic strength 
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The modelled plot (Fig. 2.4) also agrees with a recent experimental result of Erzebet 
Illes [393], in which the role of variable surface charge and surface complexation in 
the adsorption of humic acid on magnetite was studied. The humic acid used was 
obtained from brown coal by using a traditional alkaline extraction procedure using 
0.1 mol dM-3 NaOH solution (394). The experimental plot is shown in Fig 2.5. 
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Fig. 2.5 - pH - dependence of net proton surface excess amount, which with 
opposite sign equals to the specific amount of dissociated acidic groups, 
determined by titration of humic acid with base solution at different NaCI 
concentrations. The continuous lines were numerically fitted using FITEQL (two 
pWs diffuse double layer model). The calculated intrinsic dissociation constants 
are pK, = 3.7 ± 0.2 and pK2 = 6.2 ± 0.4. and the total acidity estimated at pH - 10 
is 3.5 mmol g7l [3931 
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2.3 Methods of Measuring Metal Humic Acid Complexes 
A variety of methods have been used to measure the extent of complexation of metals 
by humic materials but the techniques used may be conveniently divided into two 
types, viz: those which do not involve separation of the free and complexed metal, 
after the complexation reaction has taken place, and those which do. 
2.3.1 Non-separation methods 
In a non - separation approach a solution of the humic material is effectively titrated 
with the metal ion being studied, under specific conditions of pK ionic strength etc. 
At the same time a property of the system which is generally related to the 'free' 
metal ion concentration is monitored so that the 'free' metal; is measured in the 
presence of the complexed metal. Sufficient time must be allowed for the system to 
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r CNmCl, rffiwn? A 
0'5 
reach equilibrium, after the addition of each metal aliquot. Addition of excess metal 
ion allows the 'end-point' of the titration to be determined. At each stage the amount 
of added ion is known and the amount remaining 'free' in solution is measured so the 
concentration of complexed metal can be calculated. In principle, from the end point 
the total capacity of the humic material, for the given ion, may be estimated and/or the 
conditional stability constant deduced [395]. 
The techniques used include UV-visible spectrophotometry [396 - 398], ion selective 
electrodes [399,400], voltarnmetry [401,402], ion exchange (Schubert's method) 
[403 - 406] and fluorescence spectrophotometry [407,408]. The latter technique 
follows the fluorescence quenching produced by the addition of the metal and unlike 
most other non - separation methods directly determine the concentration of 
complexed metal. 
2.3.2 Separation methods 
In the techniques which involve separation the same overall titration procedure is 
adopted. However, after equilibrium has been achieved the 'free' and 'bound' metal 
are separated prior to measurement. This generally facilitates either the estimation of 
the 'free' metal remaining or the amount of complex formed or both. The success of 
this approach obviously depends on the kinetic stability of the metal - humate 
complexes formed, dissociation must not occur to any significant extent during the 
time of the measurement [395]. 
Again from collection of data, complexation parameters can be determined. The 
techniques used include dialysis [409 - 411], ultra-filtration [ 143,412,413], and size 
exclusion chromatography [414,415] coupled with atomic absorption 
spectrophotometry or liquid scintillation counting. 
For this work, ultra-filtration coupled with inductive coupled plasma - atomic 
emission spectrophotometry (ICP-AES) was used to measure the extent of arsenic - 
humic acid interaction and liquid scintillation counting was used to measuring 
phosphorus - hurnic acid interactions. 
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2.4 Materials 
2.4.1 Humic acid 
Humic acid was supplied by Aldrich Chemical Co., UK, in the form of Technical 
Grade Sodium Humate. The humic acid used has been previously charasterised by 
King et al. [416]. Before use the sodium humate was purified and a stock solution 
prepared as outlined below. 
2.4.1.1 Humic acid (HA) purification 
Sodium humate (2 g) was dissolved in I dM3 of de-ionised water containing 
approximately 10 cn? NaOH (0.1 mol dm73). The solution was sonicated for about 12 
h to ensure complete dissolution. The pH of the solution was then lowered below pH 
1 by addition of 10 cm 3 of concentrated HCL The solution was left to precipitate 
overnight. After overnight standing the yellow solution was decanted off and then the 
humic acid was re-dissolved in NaOH solution. The whole process i. e. dissolution in 
NaOIL precipitation with HCI and overnight standing was repeated 4 times. After the 
fifth precipitation the suspension was filtered through a 0.45 Pm cellulose nitrate 
membrane (Whatman, UK) and the residue washed several times with deionised water 
before placing into a desiccator to dry. 
2.4.1.2 Preparation of humic acid stock solution 
All humic acid solutions were prepared with the purified Aldrich sodium humate. A 
2000 mg dmý humic acid stock solution was prepared by dissolving 2g of sodium 
humate in dilute 10 cmý NaOH (0.1 mol dmm), sonicating / shaking to aid dissolution. 
After dissolution, the solution was made up to I dm3with de-ionised water and then 
transferred into centrifuge tubes. The tubes were centrifuged at 3000 rpm for 15 
minutes using a Beckman UK, L8-55M ultracentrifuge to remove any remaining 
insoluble materials. The supernatant solution was poured into I dM3 conical flask 
while the bottom solution was decanted. 
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2.4.1.3 Measurement of humic acid in solution 
It has been shown that Aldrich humic acid obeys Beer - Lambert Law at 350 nm over 
a concentration range of 2 to 60 mg dnf 3 [355]. Over this range the absorbance 
measurements display a linear relationship. Therefore standards were prepared in this 
concentration range from purified Aldrich sodium humate, and their absorbances 
measured using a UV spectrophotometer. A calibration graph was constructed. The 
stock solution was diluted to a concentration that would be within the linear 
absorbance range in the graph. This allowed the determination of the humic acid 
concentration of the stock solution. An example of a humic acid calibration graph is 
shown in Fig 2.6 Following common practice the final concentration of HA was 
expressed in terms of the proton exchange capacity (PEC) taken as 5.3 x 10'3 mol g" 
[417]. 
Fig. 2.6 - An example of a purified Aldrich humic acid calibration graph 
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2.4.2 Arsenic solutions 
Arsenic inorganic salts were supplied by Across Organics, UK as the pentaoxide 
(AS205) and trioxide salt (AS203)with a purity of 99.99 %. The dimethylarsinic acid 
salt was supplied by Fluka Chemika, UK under the commercial name of cacodylic 
acid with a purity of 99 %.. 
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Standard stock solutions of As (V), As (III) and DMA were prepared by dissolving 
the appropriate amounts of AS205, AS203 and (CH3)2HAsO2 in deionised water 
containing 4g of NaOH which was then diluted to 100 cmý. Each stock contained 
10,000 mg dm-3 arsenic. Working solutions of 100,500 and 1000 mg dm7 
3 were 
prepared by dilution of appropriate volume of stock. 
2.4.3 Potassium nitrate solution 
Annalytical grade Potassium nitrate (99.99 % purity) was purchased from Aldrich 
Chemical Co., UK. 
Potassium nitrate 0.5 mol dmý was prepared by dissolving 50 g KN03 in I dn? of 
deionised water. 
2.4.4 Phosphorus 
Active 32p working solution, used to spike test samples, was from Amersham, UK 
stock PBS II orthophosphate in 0.1 mol dmý HCI. The stock was carrier free with a 
specific activity of 37 MBq cnf3.0.1 cmý of the working 32p solution contained 88746 
CPM. AS 32 P has a half-life of 14 days, decay corrections was not required since 
control solutions were run simultaneously with test solutions, activity in test solutions 
were marched against activities in control solutions. 
Potassium phosphate used as inactive phosphorus form was supplied by Fisher 
Scientific, UK in the form of high purity Potassium Phosphate salt (KH2PO4) 
Stock solution of inactive phosphorus was prepared by dissolving 4.25 g of KH2PO4 
in 100 cm3 deionised water. The solution contained 10,000 mg drn73 phosphorus, 
working solutions of 100,500 and 1000 mg drn-3 were subsequently prepared by 
dilution of appropriate volumes of stock solution. 
All other reagents like HCI, HN03 and NaOH used in this work were high purity 
reagent grades supplied by Fisher Scientific, UK 
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2.5 Experimental methods 
2.5.1 Arsenic - humic acid test solutions 
The arsenic- humic acid test solution were prepared according to the following sets of 
experimental determinations: 
2.5.1.1 Equilibration time test solution 
Replicated volumes of humic acid solution (ca. 11.00 cmý; 2000 mg dnf3) were placed 
in acid washed polypropylene vials, together with 4 cn? of either As (V), As (III) or 
DMA (V) solution (100 mg dnf). 2 cmý KN03 solution (0.5 mol dm-3) was then 
added to adjust the ionic strength (IS) to 0.05 mol dm73. The final volumes were 
adjusted to 20 cn? with deionised water (18 MQ) and small amounts of HN03 or 
NaOH added to produce the desired pH value of 5. Control solutions were prepared in 
the same way but omitting the addition of humic acid solution and increasing the 
amount of water to compensate. 
2.5.1.2 Humic acid concentration dependence test solutions 
Various amounts (0 to 10 g) of purified humic acid were weighed into polypropylene 
vials. A few drops of NaOH (0.1 mol dm73) were added to dissolve the the humic 
acid, followed by addition of 2 cm3 As (V) solution (100 mg din -3 ). 0.3 cm3 
Ca(N03)2 solution (0.5 mol dm) was then added to adjust the ionic strength to 
0.001 mol dm73 and the final volumes were adjusted to 20 cm3 with deionised water 
(18 MU). Small amounts of HN03 or NaOH were added to adjust the pH to 5. Control 
solutions were also prepared. 
2.5.1.3 Arsenic concentration dependence test solutions 
Replicated volumes of humic acid solution (ca. II cmý; 2000 mg dnf3) were placed in 
acid washed polypropylene vials, together with varying volumes of either As (V), As 
(III) or DMA solution (0 to 100 mg dnf3). 2 cry? KN03 solution (0.5 mol drif 3) was 
added to adjust the ionic strength to 0.05 mol dnf3 . The final volumes were adjusted 
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to 20 cm3 with deionised water (18 MJQ) and small amounts of HN03 or NaOH were 
added to produce the desired pH value of either 5,9 or 12. Control solutions were 
prepared in the same way but omitting the addition of humic acid solution and 
increasing the amount of water to compensate. 
2.5.1.4 pH investigation test solutions 
Working solutions of 100 cn? arsenic species (200 mg dm7 3) , 
500 cmý hurnic acid 
(2000 mg drn73), 100 cmý KN03 (0-5 mol dm73 ) and 500 cmý deionized water were all 
adjusted to pH 6 using small amounts of HN03 or NaOH solutions. After 
equilibration at pH 6, appropriate volumes of each working solution ( Le 2 cmý As (V) 
or As (III) or DMA (V), II cn? humic acid, 2 cmý EN03 and 5 cm3 deionised H20) 
were measured into polypropylene vials using a burette. The weights were noted after 
each addition of working solution. The final solutions were approximately 20 cmý and 
a few drops of HN03 or NaOH were then added to each separate vial to achieve the 
reqired pH range of between 3 and 12. The test solutions for each pH point were 
prepared in duplicate and control solutions were similarly prepared without addition 
of humic acid solution. 
2.5.1.5 Ionic strength investigation test solutions 
Humic acid solution ca. II crr? (2000 mg dniý), together with 4 cm3 of either As (V), 
As (111) or DMA (V) solution (100 mg dm73) were placed in acid washed 
polypropylene vials. Varying volumes of KN03 solution (0.5 or I mol dM-3 ) were 
added to adjust the ionic strength to required range of between 0 and 0.5 mol dm*3 . 
These were followed by addition of deionised water to bring the final volume to 
approximately 20 cm3 and small amounts of HN03 or NaOH introduced to produce 
the desired pH of 9. Control solutions were similarly prepared but omitting the 
addition of humic acid solution and increasing the amount of water to compensate. 
The test solution for each ionic strength point was prepared in duplicate. 
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2.5.2. Phosphorus - humic acid test solutions 
2.5.2.1 Phosphorus concentration dependence test solutions 
Replicated volumes of ca. 11.00 cm 3 humic acid solution (2000 mg dnf3) were placed 
in acid washed polypropylene vials, together with varying volumes of inactive P (V), 
(0 to 100 ing dnf3) .2 cri? 
KN03 solution (0.5 mol dm73) was added to give an ionic 
strength of 0.05 mol dnO. This was followed by the addition of 0.1 cn? of active 
32p 
and the final volumes were adjusted to 20 cm3 with deionised. water (18 MQ). Small 
amounts of HN03 or NaOH were introduced to produce the desired pH value of 9. 
Control solutions were similarly prepared but omitting the addition of humic acid 
solution and increasing the amount of water to compensate. 
2.5.2.2 pH variation test solution 
Working solutions of 100 crný phosphorus (200 mg dm73), 500 cmý humic acid 
(2000 mg dM-3), 100 cmý KN03 (0.5 mol dm73) and 500 cn? deionized water were all 
adjusted to pH 6 by adding small amounts of HN03 or NaOH solutions. After 
equilibration at pH 6, appropriate volumes of each working solution ( Le 2 cmý P (V), 
II cn? humic acid, 2 crn3 KN03 and 5 crný deionised H20) were measured into 
polypropylene vials using a burette. The weights were noted after each addition of 
working solution and 0.1 cn? active 32p was spiked into the solution. The final 
solutions were approximately 20 crn3 with the addition of few drops of HN03 or 
NaOH to each separate vial to achieve the required pH range of between 3 and 12. 
The test solutions for each pH point were prepared in duplicate and control solutions 
were similarly prepared without addition of humic acid solution. 
2.5.3 Separation method 
The vials used in each batch test solution, were transferred to an end-over-end mixer 
immersed in a water bath at 25*C. For the equilibration determination batch, ca. 2 cn? 
of solution was taken out of the polypropylene vial at selected time intervals but for 
the other batches, following equilibration (As (V) and As (III) Iday; DMA (V) 31 
days), 2 cn? were taken out into a polysulfone membrane filter tube (1000 Molecular 
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Weight Cut Off (MWCO)), (PALL Life Science Co. UK). The filters were fitted into 
centrifuge tubes and the mixture was separated by centrifuging at 7000 rpm for Ih 
using a Beckman UK L8-55M ultracentrifuge. Each vial content was filtered three 
times giving six solutions for each experimental point. The control solutions were 
similarly filtered. The filtrates were stored in 5 cmý polypropylene vials ready for 
ICP-AES or activity analysis. 
2.5.4 Arsenic measurement by ICP-AES 
A Thermo Jarrel Ash Atomic 16 model, UK, inductive coupled plasma - atomic 
emission spectrophotometer (ICP-AES) was used following standard procedures and 
methods established by United States Enviromental Protection Agency [418,419]. 
The instrument was calibrated using at least five arsenic standards covering the 
concentration range of interest. The standards were matrix matched by addition of 
2.5 cm3 KN03 (0-5 mol dmý) to a final volume of 25 crný. A typical calibration curve 
produced by the instrument is shown in Fig 2.7 and instrument operating conditions 
are given in Table 4. The standards were re-prepared after every one month and the 
instrument was re-calibrated for every new set of samples. 
Analysis was carried out on ca. 2 cm3 of solution made up of 1.8 cM3 filtrate, 0.4 CM3 
HCI and 0.2 crný HN03. All reported measurements are based on the average of six 
replicate analysis. Arsenic was measured at a wavelength of 189.042 nm and relative 
standard deviation remained below I %. Accuracy was checked by measuring one of 
the standard solutions as an unknown. 
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Fig. 2.7 - Typical ICP-AES calibration graph for arsenic 
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Table 4- ICP-AES instrument operating conditions 
y- 879.37x + W. 76 
Rý - 0.9997 
1 
Parameter Setting 
RF Power 1150 watts 
Argon gas flow: 
Plasma 
Auxiliary 
Nebulizer 
20 1 min7l 
1.5 1 miff I 
1.5 1 min7' 
Observation height 15 mm. 
Monochromator type Atomscan 16 
Measurement mode Standard 
2.5.5 Measurement of humic acid concentration in filtrate 
For the pH investigation and arsenic concentration dependence test solutions, a 
second 2 cm3 sets of samples were taken and filtered using new filters. The 
absorbances of the filtrate was measured using UV spectrophotometer at 400 nm., to 
determine the amount of humic acid removed by the filters. 
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2.5.6 Radiometric measurement of Phosphorus 
The chemistry of arsenic is similar to that of phosphorus. Therefore phosphate 
interaction with humic acid was investigated and compared to that of arsenic humic 
acid interaction. 
The beta activity of 32p was measured in the supernatant solutions using a LKB 
Wallac 1215 Rackbeta liquid scintillation counter, UK. The counting channel was set 
at 120-232 keV. 
The samples were prepared for counting by weighing Ig of filtrate and adding 10 g of 
Ultima-Gold liquid scintillation cocktail into a scintillation vial. The samples were 
thoroughly mixed using a Fisons Whirlimixer and allowed to stand for one hour in the 
counting instrument to light adapt and become bubble free. Each sample was prepared 
in duplicate and counted for thirty minutes. 
2.5.7 Permeability test of polysulfone memebrane filter 
Blank solutions containing varying concentrations of arsenic (0 to 50 mg dm73) in 
20 cmý deionised water was prepared with the addition of 2 cm3 KN03 (0-5 mol drn3) 
and small amounts of NaOH or HN03 to bring pH to 5 or 9 in polypropylene vials. 
The vials were placed on an end-over-end mixer immersed in a water bath at 25*C. 
After 24 h ca. 2 cmý of solution were taken out and filtered using the polysulfone 
membrane filter. The filtrate was analysed together with a second unfiltered portion 
for arsenic using ICP-AES. The solutions were prepared in duplicate and filtered three 
times. 
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CHAPTER THREE 
RESULTS and DISCUSSION 
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3. Results and discussion 
The interaction of arsenic species (As (III), As (V), and DMA (V)) with humic acid 
has been studied in aqueous phase and the results are presented in this section. The 
initial investigation involved method development, with control experiments carried 
out to evaluate the suitability of the method and materials for the studies. This chapter 
begins with the discussion of the results from the control experiments, while the 
results for investigation of arsenic - humic acid interaction under varying conditions 
of pl-L ionic strength, arsenic concentration and humic acid concentration are 
presented later. Also presented are the results for phosphorus - humic acid interaction 
experiments. 
3.1 Control Experiments 
3.1.1 Permeability of arsenic in filter membrane 
The permeability of arsenic species by the filter membrane and sorption of arsenic by 
the membrane was investigated by measuring arsenic concentrations in both the 
filtered and unfiltered blanks. The result in Fig. 3.1 and Table 5 (page 221) showed 
that arsenic was fully permeable by the membrane and there was no sorption of 
arsenic on the membrane. 
Fig. 3.1 - Permeability test of 1000 MWCO ultracentrifuge filter membrane at 
pH 9 for As (V) blank solution 
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3.1.2 Humic acid concentration in filtrate 
The concentration of humic acid in the filtrate was measured using UV 
spectrophotometry. The result in Fig. 3.2 gives the percentage of humic acid removed 
at different pH and Table 6( page 222). The result show the filtration technique used 
was efficient in removing ca. 99 % of humic acid from solution even at high pH 
where hurnic acid was very soluble, leaving the 'free' arsenic in solution. Therefore, 
1000 MWCO filter membrane was used for all experiments. 
Fig. 3.2 - Percentage of humic acid removed from solution by filtration at various 
pH (initial RA concentration before filtration was 1200 mg dm-3) 
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3.1.3 Equilibration time 
The sorption of arsenic species on humic acid was measured as a function of time 
under conditions of agitation at a temperature of 25*C. The results are presented in 
Table 7. 
The inorganic arsenic species reached equilibrium within the first one hour as is 
shown in Fig. 3.3 and remained constant thereafter. It was expected that the organic 
species, DMA (V) would take longer time to reach equilibrium. Measurements were 
not taken within the first 24 h for DMA (V). From Table 7, equilibration was assumed 
to occur after 31 days for DMA (V). Similar rapid rates has been reported by other 
authors [301,323,324,325] for the inorganic arsenic species. 
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Table 7- Sorption results for arsenic species (104 mol dm-3) on humic acid (10-3 
mol dm-3) at selected equilibration periods at pH 5 and IS 0.05 mol dm-3 KN03 
As (V) As (IH) DMA (V) 
Time 
(days) 
Amount Bound 
(r) 
mmol W, 
S. D Amount Bound 
(1r) 
mmol kg-1 
S. D Amount Bound 
(17) 
mmol kg-1 
S. D 
1 14.23 0.83 8.15 0.21 10.73 2.29 
2 12.08 2.02 8.91 1.48 10.73 1.30 
3 13.26 1.56 10.14 1.03 17.20 0.86 
7 14.60 0.40 9.04 1.07 18.50 1.41 
14 16.50 1.89 9.58 1.32 20.35 1.26 
31 15.86 0.96 11.12 0.86 25.14 0.17 
365 14.45 0.74 10.28 0.40 - - 
Fig. 3.3 - Sorption of arsenic species (10' mol dm-3) to humic acid (10-3 mol dm-3) 
at different time at pH 5 at IS 0.05 mol dm-3 KN03 9 (a) As (V) and (b) As (M) 
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3.2 Conditional Association Constants 
The level of interactions of arsenic species with humic acid was ascertained by values 
obtained from the calculation of conditional association constants. High values for 
conditional constants show strong interactions while low values show weak 
interactions. Conditional association constants are pH and ionic strength dependent, 
therefore the results in the next section shows the variation of pH and ionic strength 
on arsenic species - humic acid conditional association constants. 
3.2.1 pH effect on conditional association constants 
All arsenic species (As (V), As (III) and DMA) studied were found to associate with 
hurnic acid. The variation in the conditional association constants with pH are shown 
in Fig. 3.4 and Tables 8- 10 (pages 222-223). Each point is an average value obtained 
from 6 replicates. In all cases the association generally increased with pH. As (V) and 
DMA (V) reached broad maxima at moderate alkalinities, whilst As (III) continued to 
increase up to the highest pH investigated. 
The As - HA association reaction may be represented as; - 
As + HA<=-> complex 
(Le the reaction is assumed to be a one arsenic to one site complex). 
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Based on this simple view of the reaction, conditional association constants (K,.. d) 
can be derived at each pH using 
Kcond -'ý [Complex] / [As] [HA] 
For the range of pH (except 12), the As (V) complexes were stronger than the As (111) 
and DMA (V) complexes. The values ranged from ca. 4 to 320 mol dm-3 and 
generally increased with pH. 
Humic substances are a complex mixture of organic molecules and it is not possible to 
describe their complexation reactions in discrete terms as in the case of single ligand 
reactions. Thus the concept of stoichiometry is unclear and it is not really meaningful 
to report stoichiometries on a mole: mole basis since many humic materials consist of 
a mixture of large polyelectrolytic molecules for which a simple integral value would 
not be expected [420]. 
In the literature the most meaningful approach to expressing stoichiometry for metal 
humic interactions is probably the site-binding approach, where the complexes are 
assumed to have a 1: 1 stoichiometry in terms of moles of binding sites per mole of 
metal. This approach accommodates the polyelectrolytic nature of the humic 
substances and eliminates the necessity of knowing the number of ligand donor 
groups attached to each metal ion [421]. Therefore this similar approach is used in 
As - HA interaction where a 1: 1 stoichiometry is assumed. 
The stability function concept developed by MacCarthy el al. [422,423] provides 
useful insight into the nature of metal humic interactions. Using this concept they 
have shown that under conditions where complexes of all ligand species are largely 
dissociated, e. g when a system is extremely dilute or more importantly, when a trace 
metal occurs in the presence of a large ligand excess, the stability function reaches a 
constant limiting value. Under these conditions the multiligand mixture behaves as a 
single - ligand system in so far as the distribution of the metal between complexed 
and uncomplexed forms is concerned. This is the condition for which Schubert's ion- 
exchange method for determining the strength of metal binding is ideally suited [404], 
but the method becomes complicated when dealing with anion species as is the case in 
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this study. Therefore, a separation method was used where the complexed As - HA 
mixture was separated from the uncomplexed, and the free arsenic in solution was 
measured. 
Fig. 3.4 - Effect of pH on the As - HA conditional association constants, (a) As 
(V), (b) As (HI) and (c) DMA (V) 
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The other consideration was that because of side reactions and because the net charge 
on humic material changes with solution composition, the ratio of bound to free metal 
activities varies with ionic strength and pH as well as with ligand concentration. The 
measurement of free and bound metal can, therefore, give only a conditional stability 
constant, in this case, an association constant) Le any constant calculated from 
measured values of free and bound metal is only valid for the conditions of the 
experiment. Clearly if predictions and comparisons are to be made it is essential that a 
model be developed from which intrinsic constants, Le true constants, can be 
obtained. Several models have been developed mainly for metal - humic acid 
interaction in the literature [424 - 427] including Tipping's model V already discussed 
(section 2.2) but none has been developed for anion - humic acid interaction. 
An attempt was made to use the surface complexation model described by Sposito, 
[428] but experimental determination of some modelled parameters proved 
unsuccessful. Therefore ligand exchange approach discussed in the next section was 
used to determine less conditional dependent constants. 
3.2.2 Ionic strength effect on conditional association constant 
The effect of varying ionic strength on conditional association constants was also 
studied for all the arsenic species. The results are presented in Fig. 3.5 and Tables I I- 
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13 (pages 224-225). The association generally decreased with increasing ionic 
strength in all species studied. 
Fig. 3.5 - Effect of Ionic strength on the As - HA conditional association 
constants, (a) As (V), (b) As (111) and (c) DNU (V) 
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3.3 Ligand Exchange Constants 
The derived association constants may be made less conditional by taking arsenic 
speciation into account and postulating that the reactions involve ligand exchange, 
similar to that proposed by Sigg and Stumm [429], for the interaction of anions on 
hydrous goethite surface. 
Arsenic species concentrations may be deduced using side reaction coefficients (A 
values) [430]. The A term derivations is illustrated by means of an example. 
Example: - 
The total concentration of As (V) in a solution containing no HA is given by: - 
[AS] total = [H3AS041 + [H2AS0471 + [HAS04 2] + [AS04 3*] 
However, the de-protonated species may be written in terms of the protonated species, 
using acid dissociation constants listed earlier i. e. equations (i) to (iii) (page 62). 
Therefore, 
[H3AS041 + Kj[H2ASW1/[In + K2 [Juso 4 21/[H+] +K3 [ASO 4 3-]/[Ir] 
[H3As041 + KI[H3AsO4]/[W] + Ki K2 [H3AS041/[H+]2 + 
KIK2K3[H3AsO4]/[W]3 
[H3AS041(I + Kl/[Er] + KIK21[W] + KIK2K3/[I-I+]3) 
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The second term in parentheses is constant for any given pH so can be replaced by a 
constant, the so - called side reaction coefficient (A). 
i. e-- 
[AS] tw = [H3AS04] A 
The A- term and its value obtained using the relevant acid dissociations, at the pH 
values required, are presented in Table 14 (page 90). Clearly when A=I the species 
involved represents 100 % of the total arsenic present. It should be noted that the 
calculations were performed using dissociation constants adjusted to the ionic strength 
of the mixtures i. e. 0.05 mol drIf3 . The corrections were made using activity 
coefficients, derived using the Davie's equation [43 1] i. e. 
log 7i = -Azi2(41/(l +'ýh) - 0.31) (Viii) 
where I= Ionic Strength (0.05) and A=0.5 1. 
Example: 
H3As04 <-* Ir +H2AS047 
Ki= [Irl [H2As04'1 / [H3AS041 = 6.31 x 10-3 mol d63 (i) 
Ki is the thermodynamic value obtained at zero ionic strength. To determine the value 
at 0.05 mol dm3ionic strength, the activity coefficients are required. 
Therefore, using equation (viii) 
log YH2As0; -'2 -0.51(-1)2 
V -0.0-5 
0.3(0.05) 
1+ jo--. o 5 
YH2MOý -= 0.82 similarly y.. = 0.82 
whereas, ylrA. 0, : -- I (since this species is neutral) 
-Y fCO-05 
YH2AS04 
H+ Kl=j I YH3AS04 
OX) 
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0.05 6.32xlO-3 
1' (0.82)2 
= 9.38 x 10 -3mol dm3 
In the absence of other evidence and from stereochemical considerations the reactions 
were postulated to be 1: 1 reactions, involving OH carrying sites on the HA molecules 
and OH functions on the arsenic species e. g: - 
AsO(OH)3 + HA = AsO(OH)2A + H20 
However, the equilibria may be expressed in terms of reaction between undisscocated. 
HA or fully dissociated A7. Therefore the extent of HA dissociation was modelled 
using Tipping's Model V [386]. The postulated reactions were then referred to the 
dominant form of HA at the selected pH. 
At high pH reaction of the fully ionised As04 3- and AS03 3- species required the 
introduction of H20 into the reaction equations e. g: 
As04 3-+ A7 + H20 = As%Aý'+ 201T 
All the postulated reactions and the derived equilibrium constants are presented in 
Table 15 (page 91). Each constant is an average result obtained from 6 replicates, the 
standard deviation is given. The pH condition used for the derivation of the constant 
is included in this Table. 
The postulation of a ligand exchange mechanism was based on the fact that hurnic 
acid does posse surface -OH groups similar to hydrous oxide which exhibit 
amphoteric behaviour. Thus arsenic ions may, at least operationally, coordinate with 
the coordinating sites of the surface. The formation of As04 surface-complexes on Fe 
(hydr)oxides has been studied with EXAFS [290,348]. The experiments of 
Waychunas et al. [290] indicate the bidentate surface-complex (Fe202AsO2) is the 
main surface species on goethite at pH 8.0. At low AS04 loading also the monodentate 
89 
Table 14 - Acid dissociation constants, A- term expressions and derived A values 
at specified pH values for arsenic species 
Species pH I" A- term expression A 
adj usted 
to IS = 
0.05 
H3As04 3 9.38xlO KI + KIK2 + KIK2K3 12.44 
H+ [H + ]2 [H + ], I 
H2AsOj 5 2.38 xW [H+l 1.03 
+ 
K2 
+ 
K2K3 1+ 
KI Fý [H+]2 
HAs04" 9 9.53 x IT H +1 1 1.02 
12 + 
K3 1+ + KIK2 K2 1H + 
AS04' 12 [H +13 [H+ 12 [H+ 1.09 
+ + 1+ KIK2K3 K2K3 K3 
HAS03 3 8.97 x 10' 1+ KI + KIK2 + KIK2K3 1.00 
10 H+ ]2 
II [H + [H + 
H2AS03, 10 1.65 x 10' [H+ 
12 
K2 K2K3 
1+ ++ 
Kj [H+]2 
HAs032 12 1.29 x 10' [H+l 2 [H+I 1.65 
13 + 
K3 
+LJ+ 
KI K2 K2 [H + 
AS03 12 [H+l 10.52 
+ KIK2K3 K2K3 K3 
(CH3)2ASO(OH) 3 9.38 x 10'7 1.00 
(CH3)2AsO2- 9 - LH j 00 1 I+ . K, 
FeOAS03 surface - complex was observed. Further Structural research will be needed 
to prove or disprove this postulation for As - HA interaction. 
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The reaction of As (V) with simple organic ligands have been reported in the 
literature. As (V) reaction with catechol gave a log K value of 6.53 at 20'C and 
0.1 mol drný ionic strength while pyrogallol was 10.37 [432]. For As (III) with 
Table 15 - Postulated As - RA ligand exchange reactions and derived 
equilibrium constants (IS = 0.05 mol dm-3 KN03) 
Arsenic species pH Equilibrium 
condition 
Postulated ligand exchange reactions 
constant 
± std. dev. ) 
H3As04 3 AsO (OH)3 + IM <* AsO(OH)2 A+ H20 2.43 
Q0.18) 
H2AsOj 5 AS02 (OH)2 + A- 4:: > AsO2 (OH)A- + OH- -7.50 
Q1.70) 
HAS04" 9 AsO3(OH)2- + A- <* AsO3A2- +OH- -3.11 
(+1.28) 
AS043' 12 AsO'- + H20+A- <=>AsO A 
2- 
+20H- 43 -2.14 
(+1.51) 
H3As03 3 As(OH)3+ IM <* As(OH)2A+H20 0.65 
(±0.25) 
H2AsO3' 10 AsO(OH Y. +A- <* As(OH), A-+ OH - -2.36 
(+1.03) 
HAS032' 12 AsO2 (OH)2- + A- <* AsO2A 
2- 
+ OH- 0.14 
- 
(±0.85) 
As03 T- 12 AsO3'- +H20+ A- <* AsOA 2- + 20H- -1.05 
(+0.41) 
(CH3)2ASO(OH) 3 002 AsO(OH) + HA <* 
(CH A AsOA+H20 I'll 
(+0.13) 
(CH3)2AsOj 9 (CH3)2 AS02 +A- 4* 
(CH3)2 ASOA -+ OH - -3.47 
(±1.84) 
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pyrogallol a value of 6.32 at 25'C and ionic strength 0.1 mol dm3 has been reported 
[433]. In comparison to the values obtained in this study, log K values for the As - 
HA complexes are much less implying the formation of very weak complexes. 
3.4 Adsorption Isotherms 
The interaction of arsenic species with humic acid can also be described as a sorption 
process where adsorption isotherms are obtained. In general, adsorption isotherms 
describe the relationship between the activity or equilibrium concentration of the 
adsorbate and the quantity of the adsorbent on the surface at constant temperature. 
Isotherms are purely a method of describing macroscopic data and do not prove a 
reaction mechanism [3521. 
The degree of adsorption was determined using the following mass balance equation, 
([As], 
- [As]f 
) Vt 
IF(mmoles / kg) =m 
Where: M= mass of humic acid in kg 
[As]j = initial concentration of arsenic species in the blank in mmol dmý 
[As]f = equilibrium concentration of free Arsenic species in mmol dnf3 
Vt = total volume of solution in dnf 3 
The sorption behaviour of arsenic species with humic acid were investigated under 
varying equilibrium conditions including (i) arsenic concentration, (ii) humic acid 
concentration (iii) pH and (iv) ionic strength. The results are presented in the next 
section. 
3.4.1 Arsenic concentration dependence 
Experiments were carried out to investigate the effect of varying concentrations of 
arsenic species, on the amount of arsenic bound to hurnic acid. These experiments 
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were conducted at pH 5 and 9 and at ionic strengths 0.05 mol dnf3 and 
0.005 mol drný using KN03- 
Fig. 3.6 and Tables 16 - 18 (pages 225-227) gives the results at pH 5 and 0.05 mol 
dmý ionic strength. About 10 % of the total As (V) sorbed on humic acid, while about 
5% of As (III) and DMA (V) sorbed unto humic acid. Maximum sorption of 
16 ± 4.53 mmol kg" for As (111) and 13 ± 3.50 mmol kg-1 for DMA (V) was reached 
at 0.03 mmol dm-3 As (111) and 0.028 mmol dm73 DMA (V) respectively. The 
saturation point for As (V) had not been reached for the concentration range studied. 
In the present study, there was not much of interaction between arsenic species and 
humic acid at pH 5, but Thanabalasingam and Pickering, [323] have reported 
maximum uptake at pH 5.5 being of the order of 70 (90) mmol kg" for As (111) and 90 
(110) mmol kg" for As (V). The higher values in (parentheses) reflect the higher ash 
and Ca contents of humic acid II (Aldrich humic acid) used for their study. The 
probable reason for these differences could be in the experimental approach such as 
separation technique, where a 1000 MWCO filter membrane was used in this study 
while a 0.45gm membrane was used by Thanabalasingam and Pickering [323] for 
their study. 
Fig. 3.6 - Sorption isotherms for arsenic species on humic acid at pH 5, IS 0.05 
mol dm-3 KN03 and [RAI 6.36E-03 mol dm-3 (a) As (V), (b) As (111) and (c) DMA 
(V) 
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Fig. 3.7 and Tables 19 - 21 (pages 224-226) show the result at pH 9 and 0.05 mol 
dmý ionic strength. A similar trend was observed but with increased interaction for all 
the species. 30 % of As (V) interacted while 15 % of As (111) and DMA (V) 
associated with the humic acid. 
The results for pH 9 and 0.005 mol dmý ionic strength are presented in Fig. 3.8 and 
Tables 22 - 24 (pages 230-232). As (HI) was studied at pH 12 and ionic strength 
0.005 mol dnf3 as it was observed to interact at a maximum in this pH. High pH and 
low ionic strength favoured the association of arsenic species with humic acid, as 
reflected in increases in the amount bound, (As (V) 540 ± 29.57 mmol kg", 238 
2.31 mmol kg" for As (111) and DMA (V) 174 ± 20.53 mmol kg"'). For As (V) there 
was a 50 % increase in sorption from pH 9 and IS 0.05 mol dnf3 to pH 9 and IS 0.005 
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mol dnf3 while a 15 % increase was observed for DMA (V) (Fig. 3.8). For As (III) it 
was observed that at low concentration (< 0.03 mmol dni7 3 ), 60 % sorbed unto humic 
acid at pH 12 and IS 0.005 mol drn3 but at higher concentration (> 0.03 mmol drn7 3) 
only 20 % sorbed on humic acid. 
Fig. 3.7 - Sorption isotherms for arsenic species on humic acid at pH 9, IS 0.05 
mol dm-3 KNO3 and VIA] 6.36E-03 mol dm-3 (a) As (V), (b) As (111) and (c) DMA 
(V) 
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Fig. 3.8 - Sorption isotherms for arsenic species on humic acid at pH 99 IS 0.005 
mol dm -3 KN03and [HAI 6.36E-03 mol din -3 (a) As (V), (b) As (111) at pH 12, and 
(c) DMA (V) 
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The result at pH 5 and IS 0.05 mol dnf3 KN03 showed different mechanisms of 
interaction between As (V) and As (111) with humic acid. The sorption isotherm for 
As (V) showed the formation of a double layer as concentration of arsenic is increased 
in solution while As (111) showed monolayer formation. 
Several mechanisms have been proposed for the adsorption of anions on negative 
surfaces. These include: 
(i) A ligand exchange mechanism at amine groups as proposed by Everest and Popid, 
[4341 from the study of As (111) with an anionic resin (Amberlite). Similarly, the 
reaction of As (III) with nitrilotriacetic acid N(CH2COOH)3, occur in the same 
nianner [435]. 
(ii) A ligand exchange mechanism involving hydroxyl groups, where the reaction 
products are either Off, W, or H20 depending on pH as supported by strong evidence 
from studies on arsenic sorption on goethite [253,347,348], and proposed for 
phosphate sorption on soil [436], boron reaction with sugars [437], boron reaction 
with tartaric acid [438] and arsenic with pyrocatecol and pyrogallo [439]. 
The other mechanism, suggested in the literature is, a purely electrostatic 
attraction involving anions with positive centres in soils or humic acid molecules as a 
result of clay, Fe or Al oxides impurities [323]. 
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It is difficult to state clearly which mechanism is occuring between arsenic and humic 
acid as the structure of humic acid has not be elucidated, therefore further studies is 
needed to understand the mechanism of interaction. However, Aldrich humic acid has 
been reported to have the elements Na, Ca, Al, Mg, Fe present as impurities [440] as 
well as a characteristic percentage of nitrogen ca. 0.8 % and 34.99 % of oxygen [441, 
442]. The acid washing purification of humic acid was carried out to remove these 
elements (Ca, Al, Fe, etc) from Aldrich humic acid test sample used in this work.. 
Therefore the likely mechanism is ligand exchange at hydroxy groups which has been 
discussed on page 87. 
There is general agreement in the literature that the interaction of arsenic with active 
soil components essentially involves two different reaction mechanisms: non - 
specific adsorption and specific adsorption [443,444]. 
3.4.2 Distribution ratio (Rd) 
The distribution ratios (Rd), determined using Freundlich isotherms (Fig. 3.9,3.10 & 
3.11) is given on Table 25. The order of magnitude for Rd values is As (V) > DMA 
(V) > As (IR). 
Table 25 - Distribution ratios (dm3 kg-1) for arsenic species 
pH IS (mol dm') As (V) As (111) DMA (V) 
9 0.05 347.62 65.99 102.25 
9 0.005 768.42 - 175.63 
12 0.005 - 240.99 - 
Higher Rd values indicate that much of the adsorbate is taken up by the adsorbent, 
which in this case means that As (V) species is more sorbed to humic acid than either 
As (11D or DMA (V). 
Smith et al. [330] have reported from their work, that a simple linear regression of Rd 
against measured soil variables indicated a strongly significant relationship between 
the Rd and the crystalline Fe oxide content of the soil. 
98 
Fig. 3.9 - Sorption data as a log plot for arsenic species sorption on humic acid at 
pH 9 and IS 0.05 mol dm-3 KN03 (a) As (V), (b) As (111) and (c) DMA (V) 
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Fig. 3.10 - Sorption data as a log plot for arsenic species sorption to humic acid 
at pH 9 and IS 0.005 mol dm-3 KN03 (a) As (V) and (b) DMA (V) 
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Fig. 3.11 - Langmuir plot for As (IH) sorption to humic acid at pH 12 and IS 
0.005 mol dm-3 KNO3 
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The sorptions of arsenic species (10 4 mol dnf 3) on hurnic acid (10-3 mol dIn-3) is 
plotted against the final pH of the solution (Fig. 3.12 and Table 26 (page 233)). As 
(V) and DMA (V) species recorded a maximum sorption between pH 8 and 9 while 
As (11D species showed maximum sorption at pH 12. 
The adsorption of all the studied arsenic forms are strongly affected by pH. This can 
be attributed to the fact that the distribution of arsenic species, and the behaviour of 
humic acid in solution are pH dependent. The distribution of arsenic species in 
aqueous media in the absence of HA is given in Fig. 2.1-2.3, while Fig. 2.4 shows the 
speciation of hurnic acid. Obviously, HAs04 2, is the main As (V) species at pH 8-9 
and HAs03 27/AsO3 3- is the main As (III) at pH 12 and (CH3)2AsO2- is the main DMA 
(V) species at pH 8-9 where there was maximum sorption in this study. In their work 
Everest and Popid [434], proposed that the ions being retained for As (111) sorption on 
the resin imberlite were AS305" (pH 5- 6), H2As03"or AS2 04 
2- (pH 7- 9) or AS03 
3- 
(pH > 10). 
The effect of pH on arsenic sorption on mineral substances has been extensively 
discussed in a literature review on adsorption (page 39). The general agreement is that 
arsenic sorption is largely dependent on solution pK the type of mineral or organic 
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surface, and the nature of species involved. For instance, As (V) sorption decreases 
with pH [310,320,329] while Everest and Popid [434] has reported As (III) exchange 
adsorption to increase with pH and to then decrease above pH 9. Yerimiyaho et al. 
[445] investigating boron sorption on organic matter observed maximum sorption at 
pH 9, which agrees with this study. Manful et al. [329] have reported that the decrease 
in sorption with an increase in pH is less pronounced at low equilibrium concentration 
of As (V), indicating that there may be preferential sorption of As (V) by some 
surface sites. Increasing As (V) concentration in solution may saturate all available 
sorption sites and making the effect of pH more pronounced. 
Fig. 3.12 - Effect of increasing pH on sorption of arsenic species (10 4 mol dm-3) 
to humic acid (10-3 mol dm-3) at IS 0.05 mol dm-3 KN03. (a) As (V), (b) As (111) 
and (c) DMA (V) 
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At pH < 5, two interacting factors occur at the humic - solution interface, the 
protonation of humic, acids, and arsenic equilibrium is towards the protonated species 
of arsenic. Therefore, the protonation equilibria in solution is rapid compared to 
adsorption equilibrium in solution. The affinity of the negative species is less than the 
affinity of the arsenic anions for protons and, as a consequence of these two 
interacting factors, there is a decrease in arsenic species sorption as pH increases for 
this region of the pH - sorption curve. This explanation given by Smith et al. [330] 
and Thanabalasingam and Pickering, [323] agrees with this study. 
However, at pH >9 region, three factors: namely, electrical double layer effects, 
humic acid deprotonation and competition with hydroxyl ions becomes important. As 
pH increases, the functional groups in humic acid deprotonate leaving a 
predominately negative surface which inhibits adsorption of negatively charged 
arsenic anions if bonding were essentially electrostatic. Secondly, as pH increases the 
concentration of hydroxyl ions increases and these compete for adsorption sites on 
humic acid with the arsenic anions [323]. Thirdly, increasing average negative charge 
on arsenate species as pH increases, with species like As04 3' becoming predominant 
at high p1l, which should give decreased sorption at this pH region if interaction was 
completely electrostatic. Therefore the plausible explanation for increased sorption of 
arsenic species in this region is that a ligand exchange mechanism which has been 
discussed earlier, is taking place. 
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3.4.6 Ionic strength dependence 
Ionic strength changes, as a function of the amount of arsenic species bound to hurnic 
acid is shown in Fig 3.13 and Table 27 ( page 233). The ionic strength of final As - 
HA solutions were prepared by using different concentrations of KN03. All arsenic 
species studied showed increases in the amount bound to humic acid at low ionic 
strength. 
Fig. 3.13 - Effect of increasing ionic strength on sorption of arsenic species (10 
4 
mol dm-3) to humic acid (10-3 mol dm-3) at pH 9, (a) As (V), (b) As (HI) and (c) 
DMA (V) 
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For all species of arsenic in this study, sorption was greatly affected by the 
background electrolyte concentration (Fig. 3.13), Yerimiyaho el al. [445] reported for 
boron that increasing ionic strength increased sorption to soils by about 57 % at pH 8 
and Stumm [446] suggested that borate ions form soluble complexes with alkali and 
alkaline earth cations, therefore the amount of sorbed B increases as the concentration 
of CaC12 used to set the ionic strength increases in solution. The reverse is the case 
observed here for arsenic. The effect of ionic strength and pH on arsenic sorption may 
be attributed to changes in the surface chemical properties of the humic; molecule as 
suggested by Smith el al. [444] for arsenic sorption on soils. 
Bolan et al. [447] and Naidu et aL [448] observed that sorption of phosphate, sulphate 
and cadmium by soils increased with increasing ionic strength and they explained that 
increasing the ionic strength increases the net negative charges by decreasing the 
positive charge below the point of zero charge (PZC) and by increasing the negative 
charge above the PZC. If only simple Coulombic forces are involved in anion sorption 
then increasing ionic strength should decrease the sorption above the PZC and 
increase the sorption below the PZC. Another study has also shown that increasing 
ionic strength always increases sorption of phosphate above the PZC [449]. 
The strong dependence on ionic strength is typically shown by ions forming outer 
sphere complexes involving electrostatic mechanisms, while an independence from 
the effects is shown by inner sphere complexes [446]. Evidence for the formation of 
inner sphere complexes is provided by Pierce and Moor [301] who studied the 
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sorption of As (III) by amorphous Fe hydroxide. More recently, Sun and Doner [254] 
used FTIR spectroscopy to show that As (III) was specifically sorbed on goethite 
surfaces. At high pH and low ionic strength the molecules of humic acid are known to 
uncoil, providing more binding sites [386] and therefore this could be the likely 
explanation for the maximum sorption of arsenic species occurring at low ionic 
strength and high pH. 
The effect of using a monovalent and divalent salt to adjust the ionic strength was 
investigated for As (V) sorption on humic acid. Ca(N03)2was used as the divalent 
salt and KN03was used as the monovalent salt. The result of these investigation are 
presented in Fig. 3.14 and Table 28 (page 234). 
Fig. 3.14 - Effect of increasing ionic strength (using different salts) on the 
sorption of As (V) (104 mol dm-3) to humic acid (10-3 mol dm-3) at pH 5, (a) 
KN03 and (b) Ca(N03)2 
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The results indicate that the amount of sorbed As (V) increased by about 35 % with an 
ionic strength increase from 0 to 0.04 mol dM73 for KN03 and about 60 % for solution 
of Ca(N03)2- It was also observed that Ca(N03)2 coagulated humic acid solution at 
concentrations above 10-3 mol dmý which corresponded to an ionic strength of 0.01 
mol dnf3. Therefore, KN03 was used in this work. 
3.4.5 Humic acid concentration dependence 
The complexation of As (V) with humic acid was investigated at different humic acid 
concentrations. The results are presented in Table 29 (page 234) and Fig. 3.15. Data 
shows a decrease in sorption of As (V) (per kg humic acid) in solution with an 
increase in concentration of humic acid. 
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Fig. 3.15 - Effect of increasing humic: acid concentration on sorption of 
As (V) 
(10-4 mol dm-3) at pH 5 and IS 0.001 mol dm-3 Ca (NO3)2 
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This trend can be explained in terms of the solubility of humic, acid. Humic, acid exist 
in the solution qHAI,,,,,, ) and in the solid phase affAsofidD at high humic acid 
concentrations. Arsenic is distributed between the hurnic acid solution phase and the 
humic acid solid phase as follows: 
PS ]so 
In IIIA]so In 
IAS ]Solid IlLý4]solid 
As the total humic acid concentration increases the amount of the humic acid in solid 
phase increases resulting in a decrease in As (V) adsorbed (per kg HA) in the aqueous 
phase. Humic and fialvic acid are characterized as polyelectrolytes, a class of 
molecules that changes conformation at different concentrations [450]. Measurements 
on aquatic humic acid show a rapid increase in reduced viscosity (specific viscosity 
per unit concentration) as the humic material was diluted below about 100 mg dmý at 
pH 7 [401]. The researchers attributed the reduced - viscosity increase at low 
concentration to uncoiling of the humic structure. This uncoiling or increase in 
apparent size of an average humic or fulvic molecule, may make more sites available 
for heavy - metal binding [148]. In their work, Saar et al. [400] observed that stability 
constants decreased as fulvic acid concentration increased towards 70 mg dM-3 for Cd 
(II) while such changes did not occur for Cu (II) - fulvate system. However, this 
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concentration is well below that used in this work. Our chosen range was 
1200 mg dnf3. 
3.5 Phosphorus - Humic Acid Interaction 
The objective of this research was to investigate the behaviour of another anion with 
humic acid hoping to gain information of the possible mechanism of interaction. 
Secondly, the results would be used to compare with those obtained for As - HA 
interactions. Phosphate was chosen because of similar chemistry with arsenic. 
3.5.1 Introduction 
Phosphates and arsenates have similar environmental chemistry, for instance, they 
both form oxyanions in the +5 oxidation state in soils [45 1 ]. They also exhibit similar, 
strong affinities for soil surfaces, and this affinity is important because all are 
constituents of agricultural chemicals [452,453]. However, a difference is that 
phosphate is more stable over a wider Eh and pH conditions compared to arsenate. 
Furthermore arsenic can form bonds with S and C much more readily than 
phosphorus [454]. Additionally, organic arsenic is of less importance than organic P 
and does not appear to compose an appreciable proportion of total soil arsenic [455]. 
Phosphorus like arsenic is strongly adsorbed by amorphous Fe oxide [279,456,457], 
Al oxide [458,459], clay minerals [460], soils [461 - 463] and stream and lake 
sediments [328]. There are few studies comparing the sorption of phosphate and 
arsenates on these materials and none for the sorption of phosphate by humic acid in 
the literature. Therefore, this work was carried out to compare the sorption of 
phosphate by humic acid with results obtained for arsenates using radiochemical 
analytical technique. 
3.5.2 Experimental 
The experimental protocol is given on page 74 
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3.5.3 Results and discussion 
3.5.3.1 pH dependence isotherm 
The results for the sorption of phosphate (10'4 mol dni7 
3) by humic acid 
(10-3mol dmý) at various pH are shown in Fig 3.16 and Table 30 (page 23 5). 
Fig. 3.16 - Effect of increasing pH on sorption of phosphorus (10-4 mol din -3 ) to 
humic acid (10-3 mol dm-3) at IS 0.05 mol din -3 ic. N% 
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Fig 3.16 shows similarity with arsenate (see Fig. 3.12a) in that two pH regions are 
observed. At pH <8 minimum interaction occurs and the important phosphate species 
is H2P047, while there is increased sorption between pH 8 and 10, where BP04 2- 
dominates. 
The speciation diagranj of phosphate in the absence of HA showing the influence of 
pH on the different forms in solution generated using CHESS is given below (Fig. 
3.17) 
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Fig 3.17 - Effect of pH on P (V) speciation in the absence of HA at zero ionic 
strength 
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it has been suggested that phosphate is adsorbed in the form of binuclear HP04 
groups which bridge adjacent Fe-I+ ions and form hydrogen bonds to the surface oxide 
ions in goethite (a-FeOOH), thereby effecting a more equable distribution of surface 
charge [4641. Parifitt et al. [4651 confirmed the presence of binuclear (FeO)2PO-OH 
groups bridging adjacent Fe 3+ ions on goethite crystals by infrared absorption 
spectrum. 
Strong evidence also exists in support of the hypothesis that the principal mechanism 
of o-phosphate adsorption in noncalcareous, nonallophanic mineral soils is ligand 
exchange with hydroxyl groups [466,467]. The result of this exchange reaction is the 
formation of an inner - sphere complex [4681 between an o-phosphate group and a 
metal cation which was bound to the hydroxyl group. However, typical experimental 
results for phosphate sorption on iron oxides shows that sorption steadily decreases as 
pH values increases [469]. Therefore, further research is needed to understand if a 
similar mechanism occurs in respect of phosphate sorption on humic acid. 
3.5.3.2 Conditional association constant 
The effect of pH on conditional association constant for the reaction of phosphorus 
with humic acid is plotted in Fig. 3.18 and Table 31 (page 235). 
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Fig. 3.18 - Effect of pH on the P- HA conditional association constant 
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The constants are similar to the values obtained for As (V) Le complexes are weak. 
3.5.3.3 Phosphate concentration dependence 
Fig. 3.19 and Table 32 (page 236) give the results of the amount bound to HA with 
varying phosphate concentrations at pH 9 and ionic strength 0.05 mol dm'3 KN03- 
The sorption data are re-plotted as a Langmuir isotherm and is shown in Fig. 3.20. 
Several workers have noted positive correlations between soil organic matter and 
phosphate adsorption capacity. However, according to Hinga [470] it seemed more 
likely that this was indicative of soil with adsorption sites suitable for both phosphate 
and organic anions, rather than adsorption of phosphate by organic matter. 
Competition between organic matter and phosphate for adsorption sites on soils is 
thought to be due to the chelating ability of hydroxyl - carboxyl ligands found in soil 
organic matter [471,472]. 
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Fig. 3.19 - Sorption isotherm for P (V) on humic acid at pH 9, IS 0.05 mol dm -3 
KNO3 and [RAI 6.36E-03 mol dm-3 
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There are various opinions on the effect that soil organic matter has on phosphate 
adsorption [473]. Appelt et al. [474] observed that humic and fulvic acid were not 
able to compete effectively with phosphate in an andosol at HA levels of 3.8 % 
because of the high affinity of the soil for phosphate. Harter [475] disagreed with the 
idea that organic matter and phosphate were adsorbed in soil by the same mechanism 
and suggested that phosphate may even be directly bonded to organic matter in which 
the phosphate anion replaces organic hydroxyls. Similar observations were made by 
Lopez-Hemadez and Burnham [476], who believed that under certain conditions (in 
poorly drained soils), organic matter can adsorb phosphate. 
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Fig. 3.20 - Langmuir isotherm for P (V) on humic acid at pH 9, IS 0.05 mol dm -3 
KN03 and [HAI 6.36E-03 mol dm-3 
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This work therefore, shows that there is weak interaction of phosphate with humic 
acid similar to arsenates. The mechanism of this interaction requires further research. 
3.6 Summary of conclusions 
Arsenic species and phosphorus does interact with humic acid forming weak 
complexes as evident in low conditional asoociation constants calculated for these 
interactions. The extent of interaction is favored by high pH and ionic strengths. The 
measurement of interactions at high pH was achieved by use of 1000 MWCO ultra 
centrifuge filter device which removed ca. 99 % of humic acid from solution enabling 
the measurement of arsenic and phosphorus as the free elements in solution. 
The sorption isotherms for As (111) specie was different compared to As (V), and P 
(V) leading to the suggestion that a different mechanism of interaction was taking 
place. DMA (V) specie interacted the least with humic acid among all species studied. 
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PART TWO 
ARSENIC SOIL CHEAUSTRY 
115 
CHAPTER FOUR 
INTRODUCTION 
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4. Introduction 
4.1 Role of Arsenic in Soils 
Arsenic which is toxic to plants and animals can be present in soils as a result of 
natural processes or anthropogenic activities. The toxicity and environmental hazard 
of arsenic in a specific situation are strongly influenced by its solubility, speciation 
and retensionlrelease characteristics. A prerequisite for the successful assessment and 
management of an arsenic - contaminated soil is a knowledge of the soil arsenic, 
including arsenic concentration, solubility, speciation, mode of retention (bonding 
environment), and mobilization potential [477]. The maximum concentration for 
arsenic in domestic soil is recommended to be 20 mg kg" [478]. This is significantly 
exceeded in many parts of England, either naturally or as the result of metalliferous 
mining or other industrial processes [479]. 
The predominant mode of bonding of arsenic in soils involves complexation at the 
surfaces of Fe, Al and Mn oxides. Bonding is usually stronger to Fe oxides than to Al 
and Mn oxides and is predominantly by inner sphere rather than by outer sphere 
complexation [329]. Arsenic is strongly bound to both poorly crystalline Fe oxides 
(e. g ferrihydrite) and well crystalline Fe oxides (e. g goethite, hematite) [288-290]. 
Bonding of arsenic by soil Fe oxide can occur at pH values either above or below the 
point of zero charge (PZC) of the oxide, however As (111) and As(V) follow different 
trends in the influence of pH on sorption behaviour [304]. As (V) is more strongly 
retained by soil Fe oxide at low pK compared to the stronger retention of As (111) at 
high pH (479). 
Because of the relative ease and strength of bonding of arsenic to soil Fe oxides, 
dissolved arsenic concentrations are relatively low in most soil situations. Only under 
conditions where the lowering of redox potential has resulted in the dissolution of soil 
Fe oxide or where anthropogenic activities has added large amounts of soluble arsenic 
to soil. Under most soil conditions the solubility of arsenic is controlled by sorption 
processes Le by oxide minerals (under oxidizing conditions) and sulfide minerals 
(under reduced conditions) [240,241]. The Ca, Mn, Fe (11) and Al salts of As (V) are 
generally too soluble to control the concentration of soil - pore water arsenic [480]. 
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The use of total arsenic concentration in UK soils provides a conservative approach as 
it assumes that all of the arsenic content in the soil is available for adsorption by the 
body. Whereas, animal tests [481] clearly show that arsenic in a soil matrix is 
absorbed to a lesser extent compared to the same concentration of soluble salts of the 
contaminants in a food or liquid matrix. There is, therefore, a clear need for a practical 
method that allows an assessor to take into account the lower relative bioavailability 
of arsenic in soil compared to that found in drinking water [479]. 
The characterisation of arsenic pollution in contaminated soils in the past mainly 
consisted either of arsenic spatial distribution studies [482,483], fractionation studies 
by sequential extractions [484,485] or speciation analysis [486]. Arsenic - bearing 
phases identification using instrumental techniques such as SEM-EDS (Scanning 
Electron Microscope-Energy Dispersive Spectrometer) and XRD (X-Ray Powder 
Diffraction) [487], Electron Microprobe Analysis [488] or EXAFS (X-ray Absorption 
Fine-Structure Spectroscopy) [489,490] has also been attempted. These methods 
allow identification of which physico - chemical components within the soil are the 
sources of the bioaccessible arsenic [479]. 
The objective of the work described here was to extract and characterise the humic - 
arsenic - bearing phases in polluted soil samples supplied by the British Geological 
Survey. A better knowledge of arsenic bearing phases associated with hurnic acid will 
help to understand the mobility of arsenic and to improve the management of arsenic 
polluted soils in the UK. 
4.2 Principles of Arsenic Extraction (Literature review) 
Arsenic in soil can exist as both soluble and bound species. The concentration and 
speciation of soluble arsenic is of interest because of the impact of dissolved arsenic 
on water quality and because these species directly impact on plants and microbes 
[477]. 
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4.2.1 Extraction of soluble arsenic 
The most commonly used extractants are deionized water and 0.01 mol dm73 CaC12 
for the assessment of soluble arsenic in soils. The extraction of soluble arsenic must 
be made under conditions where neither the quantity of dissolved arsenic nor the 
concentration of available surface adsorption site is altered as a result of the extraction 
process. Also care must be taken that the redox condition of the soil is not altered 
[477]. 
4.2.2 Extraction of bound arsenic 
For the measurement of total arsenic concentration in soil sample, total dissolution is 
usually accomplished by digestion with concentrated mineral acids. Pantsar-Kallio 
and Manninen [486], demonstrated that optimal total arsenic extraction yields from 
soils were obtained in very acidic (pH - 1) or alkaline (pH - 13) conditions and that 
As (III) stability was lower at high pH values. Some authors have reported that 
microwave assisted orthophosphoric acid extraction of arsenic species from soils and 
sediment is very efficient [491 - 493]. If the primary interest is to understand the 
form, species, mobilization potential or bioavailability of arsenic, then a selective 
extraction procedure is more appropriate. In the selective extraction procedures, the 
extraction of bound arsenic requires either dissolution or partial dissolution of the 
arsenic - bonding solid phase (and the resulting release of arsenic) or ligand exchange 
of adsorbed arsenic by a competing ligand. The mechanisms of dissolution most 
commonly utilized in soil - extraction procedures are ligand - enhanced dissolution, 
W- enhanced dissolution, OIT - enhanced dissolution and reductive dissolution [477]. 
4.2.2.1 Ligand exchange dissolution 
Extraction of arsenic by ligand exchange involves the desorption of arsenic by a 
competing ligand, e-g phosphate or OIT. Phosphate has been used as an extractant for 
soil arsenic [494]. 
Fe-oxide-AsO4H + BP04 2- -> Fe-oxide-PO41-I + I]AsO4 
2- 
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The rates of As (111) and As (V) desorption by phosphate follow very different trends 
[495]. For example, in the case of desorption from goethite, maximum As (III) 
desorption was achieved within approximately 4 h, whereas, the quantity of As (V) 
desorbed continued to increase for up to 100 h. In both the As (111) and As (V) 
systems, it was difficult to achieve quantitative desorption of arsenic upon reaction 
with phosphate at pH 5 [495,496]. 
The conclusions that can be made regarding the use of ligand exchange by phosphate 
for the assessment of bound arsenic in soils are (i) desorption of As (V) is strongly 
influenced by extraction time and pK (ii) As (111) is more readily desorbed at low pH 
and As (V) at high pH and (iii) desorption of As (III) is not complete at any pH, 
indicating that there are As (III) adsorption sites on Fe oxides for which phosphate is 
not highly competitive [477]. 
4.2.2.2 Ligand - enhanced dissolution 
Ligand - enhanced dissolution involves complexation of surface structural 
cation e. g Fe3+, by an organic complexing agent (e. g oxalate, citrate, 
diethylenetrianimepentaacetic acid (DTPA)) and dissolution of the mineral surface. 
Arsenic is subsequently released as a result of the dissolution of the metal oxide 
ligand - binding sites. 
Fe-oxide-As04+ L' -> Fe+-L + Asq 
The overall reaction occurs in two steps: (i) rapid adsorption of ligand at the Fe oxide 
surface, and (ii) subsequent slow dissolution of FO+ [497]. 
Among the reagents that have been used most extensively for the extraction of arsenic 
by a ligand - enhanced dissolution are sodium oxalate and ammonium oxalate. At 
pH 3, ammonium oxalate (in the dark) will quantitatively dissolve poorly crystalline 
Fe oxide whereas the reactions with well crystalline Fe oxides are much slower [498, 
499]. Thus, ammonium oxalate in the dark selectively dissolves poorly crystalline soil 
Fe oxides and possible the selective extraction of arsenic from these phases. This 
reaction must be performed in the dark since in the light, goethite and hematite are 
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also appreciable dissolved due to the photoreduction of Fe (111) [499]. Also, when the 
oxalate reaction is performed in the light, As (HI) is substantially transformed to As 
(V), thus preventing the quantitative speciation of arsenic [477]. 
4.2.2.3 le- enhanced dissolution 
The mechanism of arsenic release during the reaction of arsenic - contaminated soil 
sample with mineral acid e. g., HCI or HN03,, is W- enhanced dissolution. 
Fe-oxide-AS04 + W-> Fe3++H20+ASaq 
Ferrihydrite is more readily dissolved than the crystalline oxides (goethite and 
hematite) [498]. Hydrochloric acid (0.1 or I mol dmý) is also used for the selective 
dissolution of the reactive sulfide minerals; however, the crystalline sulfides e. g, 
pyrite are not readily dissolved by this treatment [500]. 
Soils differ considerably in the rate of dissolution of arsenic upon reaction with 0.1 
mol dm=3 HCI, with acid concentration, reaction time and soil to solution ratio being 
the factors influencing arsenic extraction patterns especially under conditions of 
mineral - acid treatment in which the Fe oxide is not totally dissolved [501]. 
4.2.2.4 OH-- enhanced dissolution 
Arsenic extraction at high pH is attributable to Olf- enhanced dissolution of Fe oxide, 
but also to competitive adsorption of OIr at the oxide surface and the increasing 
negative surface potential with increasing pH which makes the system less favourable 
for adsorption of negatively charged arsenic species [477]. 
Fe-oxide-AS04 + Olf -> Fe(OH)47 + 
ASaq 
The mobilisation of arsenic is highly dependent on the pH of the extracting solution. 
With higher pH extractant, higher amounts of arsenic are often extracted from 
oxidized soils [486,502]. This is because of the relative ease of extraction of As (V) 
at high pH. Soils dominated by As (111) would likely exhibit different behaviour. 
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NaOH (0.1 mol dm73) is the common extractant for As (V) from goethite and 
ferrihydrite, but it is much less effective for extracting As (111) [503]. 
4.2.2.5 Reductive dissolution 
Several reducing reagents like 0.1 mol dmý hydroxylamine hydrochloride (pH 2), 
0.25 mol drn73 hydroxylamine hydrochloride in 25 % acetic acid, and citrate 
dithionite, have been used to extract free Mn and Fe oxides, and arsenic associated 
with these phases, from soil [477]. 
Fe-oxide-AS04 + 6+ 1: -> Fcý+-L + 
ASaq 
The citrate dithionite method can be used to determine the total free Fe oxide content 
of a soil [499]. Under some conditions hydroxylamine hydrochloride extraction will 
underestimate the Fe associated with crystalline Fe oxides [504]. Gomez-Ariza et al. 
[505] concluded that hydroxylammonium hydrochloride solutions constitute a suitable 
reagent for arsenic extraction and speciation in sediments with high content of Fe 
oxides. 
4.2.3 Sequential extraction 
it is generally known that trace elements including arsenic occur in soils in certain 
&pools' or'sink' of different solubility and mobility, of which in general six categories 
can be differentiated in the solid phase [506]: (i) occupying exchangeable sites as 
diffuse ion or as outer - sphere complexes; (ii) specific adsorption as inner - sphere 
complexes; (iii) associated with insoluble organic matter; (iv) co-precipitated as pure 
or mixed solids; and finally present in structure of (v) secondary and (vi) primary 
minerals. Therefore, sequential extraction schemes were developed to fractionate 
these elements occurring in sometimes trace amounts in soils and sediments. 
Fractionation, is the process of classification of an analyte or a group of analytes from 
a certain sample according to physical (e. g size, solubility) or chemical (e. g bonding, 
reactivity) properties [45 1 
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Sequential extractions, in which a soil sample is reacted with a series of carefully 
selected chemical solutions of increasing strengths, were developed to increase 
extraction selectivity of the distinct geochemical. fraction [507]. Today, sequential 
extractions are the most frequently applied analytical method for studying the solid 
phase speciation of environmentally relevant elements [508]. 
The objective of an arsenic sesquential extraction procedure according to Loeppert et 
al. [477] is to quantify arsenic in various bonding environments in the soil, as well as 
provide information regarding bioavailability, bioaccessibility and arsenic release 
potential. Sequential extraction protocols are described in several studies [509 - 513] 
and will be briefly discussed here. 
4.2.3.1 Methods of sequential extraction in the literature 
The Community Bureau of Reference (BCR), now Standards, Measurements and 
Testing Programme launched a programme which aimed to harmonise single and 
sequential extraction schemes for the determination of extractable elements in soil and 
sediment [514,515]. This protocol is regarded as the standardized three - step BCR 
extraction scheme (Table 33) and a detailed description is given by Quevauviller el al. 
[514]. 
Critics have questioned the use of this protocol for arsenic considering the fact that it 
was developed for cationic metals [516]. Van Herreweghe et al. [45 1] concluded that 
phosphorus based scheme gave better fractionation and recovery of arsenic than the 
three - step BCR scheme and found arsenic to be bound to reducible phases of Mn and 
Fe oxides in their study. Dhoum and Evans (517) applied an adaptated BCR protocol 
to evaluate arsenic retention by soil. 
The failure of the BCR scheme for arsenic led a lot of researchers to adapt the 
protocols that had been developed for soil phosphorus fractionation [518 - 521]. A 
widely used protocol developed for P by Chang and Jackson [522], later modified by 
Williams el al. [523] and most recently by Manful [524] has been used for arsenic 
(Table 34). 
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Table 33 - BCR Standardized three - stage sequential extraction 15141 
Fraction Chemical Agents Expected extractable fraction 
1 0.11 mol dnf3Acetic acid Carbonates 
2 0.5 mol dm"3 Hydroxylamine 
hydrochloride 
Mn and Fe oxides 
3 30%H202and 1 mol dmý ammonium 
acetate 
Organic and sulfide 
The sequential extraction procedure employs NH4Cl to extract labile P followed by 
NH4F to dissolve Al associated P. This is followed by NaOH to extract Fe bound P, 
by dithionite citrate bicarbonate (DCB) for 'occluded' P forms and by HCI or H2SO4 
for Ca bound P. An alternative P- fractionation scheme [525] is also widely used in 
soil P studies and therefore may also used to fractionate arsenic in soils [506]. 
The development of these protocols and the link of the extracted fractions with the 
geochemical arsenic fractions was mainly based on pure theoretical grounds of 
analogous phosphorus behaviour and was therefore questioned [451]. Gleyzes el al. 
[526] criticized this scheme and when they applied it to industrially contaminated 
soils it became too complicated. Johnston and Barnard [527] found that the quantities 
of arsenic removed from the four western New York soils by solutions containing 
acetate, sulfate, fluoride, bicarbonate, hydroxide, and hydrogen ions are consistent 
with the hypothesis that arsenic and phosphorus react similarly when treated with 
these solutions [527]. The occurrence of arsenic in more than one oxidation state, 
each having different adsorptive behaviour further complicated the application of 
these extraction schemes [511 ]. 
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Table 34 - Phosphorus sequential extraction scheme modified by Manful 15241 
for arsenic extraction from soil 
Fraction Chemical agents Expected fraction extracted 
I I mol dmý NILCI Easily soluble Ca and Na bound 
arsenates 
2 0.5 mol dmý N114F (pH 8.2 Al or Fe bound arsenates 
3 0.1 mol dm"3 NaOH Non-occluded arsenic bound to Fe 
and arsenic bound to organics 
4 0.5 mol dmý sodium citrate /I mol 
dm73 NaHC03 / 0-5 g Na2S204.2H20 
arsenic occluded within Fe / Mn 
oxides 
5 H2S04 Ca bound and organics 
6 HCI/HN03/. HF Residual 
The extraction scheme originally developed by Tessier et al. [528] for trace elements 
was revisited by critics of the P based schemes for arsenic. This protocol was 
modified by Shuman el al. [529] for soil microelements and later Gleyzes et al. [526] 
adapted it for arsenic fractionation studies. This Tessier - like protocol has been 
applied to arsenic contaminated lake sediment by Lum and Edgar [530], to arsenic 
contaminated soil sample by Voight et al. [531] and by Roussel et al. [532] to 
arsenic - bearing suspended material derived from a mine waste drain. The latter 
authors found that the most important phases binding arsenic were Mn and Fe oxides 
an organic or sulfides. The Gleyzes et al. [526] modified version is presented in 
Table 35. 
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Table 35 - Sequential extraction scheme for arsenic modified by Gleyzes et al. 
[5261 from Tessier et al. 15281 
Fraction Chemical agents Expected fraction 
extracted 
I mol dm' M902 (pH 7) Exchangeables 
2 1 mol dm-3 sodium acetate/acetic acid (pH 4.5) Carbonates 
3 (a) Hydroxylamine hydrochloride 
(b) Oxalate/oxalic acid 
(c) Oxalate. oxalic acid/ascorbic acid 
Mn oxides 
Amorphous Fe 
Crystalline Fe 
4 HN03/H202/Ammonium acetate Organics / sulfides 
5 BF/HCl04 Residual 
4.2.3.2 Explanation of extractable fractions in Gleyzes et al. 15261 scheme 
4.2.3.2.1 Fraction Fl: exchangeable 
Arsenic extracted in this operation would include weekly adsorbed arsenates 
particularly those retained on the soil surface by relatively weak electrostatic 
interaction and those that can be released by ion-exchange processes [533]. 
4.2.3.2.2 Fraction F2: bound to carbonates 
This fraction is sensitive to pH changes and the release is achieved through 
dissolution of the solid material. 
The solid residue from F1 is agitated with 8 cn? (1 mot dm3 ) sodium acetate/acetic 
acid buffer at pH 4.5 for 15 h at room temperature. Lowering the pH could cause 
remobilization mainly by dissolution of carbonates, and metal complexation with 
acetate ions enhances the dissolution of substrates [528,534 - 537]. 
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A number of workers have shown that significant trace element concentrations can be 
associated with the sediment carbonates which would be susceptible to changes in pH 
[538 - 540]. 
4.2.3.2.3 Fraction F3: bound to iron and manganese oxyhydroxides 
Fe and Mn oxyhydroxides are excellent scavengers of metals and arsenic. By 
controlling the Eh and pH of decomposition reagents, dissolution of some or all the 
metal oxide phases can be achieved [526]. It is well established that Fe and Mn oxides 
exist as nodules, cement between particles, or simply as a coating on particles [528]. 
F3-Mn: Mn oxides. The residue from F2 is extracted under weakly reducing 
conditions with 20 cn? of 0.04 mol dmý hydroxylamine hydrochloride in 25 % (v/v) 
acetic acid at 96 ± 5'C in a waterbath for 5.5 h [528,535,541,542]. The reaction 
between NH20H. HCI and Mn oxides is rather fast [534,543]. NH20H. HCI is a 
specific reagent for Mn oxides and less than 5% of Fe oxides were reported to be 
dissolved by this operation [541,543]. 
F3-Fe, a: amorphous Fe oxides. The solid residue from F3-Mn is agitated with 50 crný 
of 0.2 mol drn-3 oxalate/0.2 mol dM-3 oxalic acid for 4h in the dark [529,536]. The 
oxalate ions form complexes with most polyvalent cations; it is the case of Fe (III) 
giving a very stable complex (log B= 20). In the absence of the catalysing effect of 
light, this reagent does not dissolve crystalline Fe oxide [544]. 
F3-Fe, c: crystalline Fe oxides. The solid residue from F3-Fe, a is extracted with 50 
cm3O. 2 mol drn-3 oxalate/oxalic acid/0.1 mol drn-3 ascorbic acid in boiling waterbath 
for 30 min [535]. 
4.2.3.2.4 Fraction F4: bound to organic and sulfides 
The addition of ammonium acetate (NI-40ac) is designed to prevent re-adsorption of 
extracted metals onto the residual solid fraction of the oxidised soil [528,534,542, 
543ý 545]. But the total organic content is not necessarily destroyed and some 
uncertainty with regard to the behaviour of sulfide minerals still remains [546]. 
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4.2.3.2.5 Fraction F5: residual 
Once the first four extractions have been removed, the residual solid should contain 
mainly primary and secondary minerals which may hold trace metals (or arsenic) 
within their crystal structure [528]. 
The final solid residue is digested with a mixture of hydrofluoric and perchloric acid 
in Tcflon beakcrs [526]. 
Gleyzes et al. [526] used the above Tessier modified scheme for arsenic 
charcterisation in industrially polluted soils in comparism. with other schemes and 
made the following observation: 
e The Tessier's scheme leads to a very different (and probably erroneous) 
evaluation of arsenic distribution, and did not show the importance of Fe in 
it's speciation. The scheme showed that most of the arsenic was in the residual 
fraction. 
e The risk assessment in the Tessier's scheme would be erroneus since most of 
the arsenic is attributed to the residual fraction in all cases. 
So in order to obtain valuable information for the interpretation of the extracted 
phases, it is necessary to analyse not only the contaminate but also other elements, 
such as Fe [526]. Apart from the above mentioned observation other problems 
associated with the Tessier's scheme includes the violent nature of some of the steps, 
and the storage of residues before the next step. The conclusion is therefore, that the 
scheme is operational in nature and specific conclusions cannot be made. 
The inability of finding a suitable scheme for studies of arsenic bearing phases in soil 
necessitated the carrying out of this part of the research, which was done in 
collaboration with British Geological Survey. The aim is already stated on page 60. 
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CHAPTER FIVE 
EXPERIMENTAL 
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5. Experimental 
The speciation of arsenic in soil was investigated using column experiments. The aim 
was to fractionate arsenic bearing phases in soils with the hope of extracting arsenic- 
humic acid phase using size exclusion chromatography. 
5.1 Materials 
5.1.1 Soil samples 
Samples of air-dried soils (NVM 31 and WM 4) were supplied by the British 
Geological Surveys, (BGS). The total arsenic content of the soils was determined by 
ICP-AES on a solution obtained by digestion of 0.1 g of the soil sample with 
concentrated HN03- 
5.1.1.1 Brief Description of the Soil Sample Area 
5.1.1.1.1 Location 
The soil samples NTM 31 and NTM 4 were sampled from the "Devon Great 
Console' area of south-west, England. This area has a legacy of metalliferous mining 
going back to Roman times. Intensive exploration of metalliferous ore deposits, 
combined with the natural geochemical dispersion from the copper-tin-arsenic 
mineralization, has resulted in the creation of a significant area of arsenic - 
contaminated wastes and soils [547]. 
Geological setting and mineralisation 
The "Devon Great Consolg" mine lies on the east bank of the river Tamar in the 
Tavistock district of Devon. The mine set arose from the consolidation of five 
adjacent mines, worked on east west trending loads mainly consisting of chalcopyrite, 
pyrite, arsenopyrite and some mispickel and cassitierite with quartz, fluorspar and 
brecciated killas cemented by chlorite or siderite. In the ISP century "Devon Great 
Console' was the richest and largest mine in the Tamar valley. The main product in 
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the early years of operation was copper ore. Later attention turned to arsenic and an 
output of over 70,000 tons between 1848 and 1909 was recorded [548]. In the 1870's 
half the world's arsenic production was estimated to come from half a dozen mines in 
the Callington and Tavistock area, including "Devon Great Console'. Mining activity 
at "Devon Great Console' ended in 193 0 [479]. 
The arsenic works and associated buildings are surrounded by extensive derelict land 
piles of waste rock, calciner wastes and ash, and tailings. The bulk of the remainder of 
the area is under forestry cultivation. Approximately one hundred soil samples (0-15 
cm depth) has been randomly collected over the site by British Geological Survey. 
Sample NTM 4 is a sandy tailings material and the X-ray diffraction analysis (XRD) 
shows the presence of the gangue minerals (quart, fluorite, mica and cholite) and 
possibly traces of pyrites. Some physico chemical properties of soil MPM 31 are 
presented in Table 36 (page 237). 
5.1.2 Arsenic extracting solution 
Tetramethylammonium hydroxide ((CH3)4NOI-L (TMAH)) solution (25 % w. v) of 
special grade was purchased from Fisher Scientific, UK. 
The extraction was done in alkaline medium (pH 13) in the hope that arsenic as well 
as humic acid will be removed from the soil samples under this condition. 
5.1.3 Preparation of sample solutions 
Arsenic was removed from the soil sample by shaking a mixture of Ig of soil and 
10 cm 3 of 5% TMAH solution for 4h at room temperature. The extracting solution 
was separated from the soil by centrifugation (4500 rpm, 30 min). 
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5.1.4 Size exclusion chromatography (SEC) / ICP-AES system 
The SEC system (Fig 5.1) used consisted of a peristalistic pump (Pharmacia P-1), 
Rheodyne Type 50 sample injection Teflon rotary valve with a 0.5 cm3 injection loop, 
and a Camspec UV-visible spectrophotometer. Pre-swelled Sephadex G-15 
(Pharmacia, Sweden) size exclusion gel was used by packing it into a glass column 
(I cm x 25 cm). For the mobile phase 0.1 % TMAH solution was used at a flow rate 
of 0.60 cm3 min-'. The elution from the column was monitored to detect organic 
components by measuring the absorbance at a wavelength of 300 nm. The outputs of 
the UV were recorded on a Linseis dual-pen L-650 chart recorder. The eluate was 
fraction - collected (Pharmacia LKB-Redifrac) and analysed on a Thermo Jarrell Ash 
Atomic 16 model ICP-AES. 
5.2 Experimental Methods 
5.2.1 Single Step Extraction 
Single step extraction was carried out to evaluate the effectiveness of using TMAH as 
an extracting solvent for arsenic in soil studies. The evaluation was done by 
calculating the percentage recovery for arsenic in each single step. 
Approximately Ig of soil sample NUM 4 was accurately weighed into each of 5 
polythene sample tubes. 10 cn? aliquots of various concentrations of TMAH (0.1 %, 
0.5 %, 0.9 %) 5 %) 9 %) were added to each of the tubes. The tubes were capped and 
placed into a shaker (Edmund Buhler 7400 tubingen) set at 420 min7l for 30 min. The 
procedure was carried out in duplicate. At the end of 30 min, the tubes were removed 
from the shaker and placed into the centrifuge (WIFUG lab. centrifuge) for 5 min at 
3500 rpm. The resultant leachate was collected in a clean sample bottle. The 
extraction was repeated for another batch of samples which were kept in the shaker 
for 3 h. Each 10 cm3 aliquot was analysed for Al, As, Ba, Ca, Cd, Cu, Fe, K, Mg, Mn, 
Nil, Pb, Si, Sr, Ti, V, Zn, S and P by ICP-AES. 
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Fig. 5.1 - Size exclusion chromatography set up 
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Sequential extraction using TMAH experiments were carried out with the aim of 
fractionating arsenic into the different solid phases in soils. The sequential extraction 
data was subjected to chemometric data analysis with the hope of identifying arsenic 
bearing phases in soils. 
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5.2.2.1 Test soil samples 
The soil samples used for this study were a standard reference material SRM 2710 
and MPM 3 1. SRM 27 10 is the National Institute of Science and Technology (NIST), 
USA contaminated soil standard reference material. It is a highly contaminated soil 
from pasture land along Silver Bow Creek in the Butte, Montana area, USA. The soil 
contains high concentrations of Cu, Mn, Pb and Zn, and contains 626 mg kg-1 of 
arsenic. The second sample MPM 31, has a total arsenic content of 20500 mg kg7l 
(Table 36, page 237). 
5.2.2.2 TMAH extraction 
The extraction vessels employed were AperR polypropylene centrifuge tubes (Alpha 
Laboratories Ltd). Approximately Ig of sample were weighed accurately into the 
tube. A 10 cm3 aliquot of extractant was added to the tube and the vessel was 
centrifuged for 10 min at 3000 rpm and the resultant leachate was collected in a clean 
sample bottle. The next extraction solution was then added to the same soil sample 
and the process was repeated. Six different extractant solutions were used consisting 
of deionized water, 0.1,0.5,0.9,5 and 9% TMAH. The sample was leached with two 
10 cn? aliquots of each extractant producing 12 solution per sample for analysis. The 
whole extraction procedure was carried out in duplicate. Each 10 cm3 aliquot was 
analysed for Al, As, Ba, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Si, Sr, Ti, V, Zn, S 
and P by ICP-AES. 
5.2.3 ICP-AES Analysis 
Two methods of analysis were carried out. The first approach was introducing 10 
times diluted aliquots into ICP-AES system, while the second involved acidification 
of a second aliquot of the samples by addition of I cmý 50 % HN03. This procedure 
precipitated out the hurnic acid present in the extract samples solution. The solutions 
were then filtered using 0.45 grn filter to remove the humic acid and the clear solution 
were then introduced into ICP-AES. 
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Table 37 - ICP-AES Wavelengths for elements measured 
Element Wavelength (nm) 
Al 167.01 
As 189.04 
Ba 455.40 
Ca 393.36 
Cd 228.80 
Cu 324.75 
Fe 259.94 
K 766.49 
Mg 279.55 
Mn 257.61 
Na 588.99 
Ni 221.64 
Pb 220.35 
si 251.61 
Sr 407.77 
Ti 334.94 
V 309.31 
Zn 213.85 
p 177.49 
s 180.73 
5.2.4 Chemometric data - processing adapted from Cave et al. 15491 
The chemometric data - processing methodology described here makes an assumption 
that the material under study consisted of a mixture of discrete physico, chemical 
component with distinct major element composition and that the elements of interest 
are distributed amongst these components. It is also assumed, under increasing acid or 
alkaline concentration, that the physico chemical components have different degrees 
of solubility such that, in 'a sequential series of solutions of increasing acid/alkaline 
concentrations, each solution will contain different proportions of each of the 
constituent components of the material under study. Finally, the methodology also 
assumes that all elements within a particular physicochernical component are 
dissolved congruently. 
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5.2.4.1 Component resolution algorithm 
Referring to Fig. 5.2, the purpose of the chernometric resolution procedure is to derive 
matrices B and C given the leachate concentration matrix A. 
The first stage is to estimate the number of individual components in the leachate 
matrix. The extract data matrix for each determination is scaled to its maximum value 
and subjected to PCA. Information relating to the Varimax rotated eigen-values and a 
number of other parameters are used to estimate the number of end members in the 
data. This is discussed in more detail in a subsequent section 
Fig. 5.2 - Pictorial relationship between the proportions of each component 
leached, the physico chemical component composition matrix and the original 
leachate concentration matrix 
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The second stage involves making a first approximation of the proportions of each 
component leached (matrix B) which according to Vandeginste [550]; Thurston and 
Spengler [551] can be obtained from the Varimax rotated scores from the PCA 
analysis of the scaled leachate concentration matrix. The Varimax rotated scores are 
scaled to values between 0 and I to remove negative values. This gives an 
approximation of the relative "trende' in the proportion of each component in each 
sample. To estimate the relative proportion of each of these trends required to make 
up the leachate concentration data, a multivariate linear regression (MLR) is carried 
out with the sum of each row in the scaled leachate, concentration matrix as the 
dependant vari le and the scaled score matrix as the independent variable. The 
columns of the scaled score matrix are then multiplied by their corresponding MLR 
V0 F,.. ci 
0 
C. ) 
136 
f 
coefficients. This matrix, with its rows scaled to 1, is used as the first approximation 
of B. 
In the third stage, a first approximation of matrix C (the physico chemical 
composition matrix) is obtained. From Fig. 6.6 it is known that 
A=BC 
Where A is the scaled leachate concentration matrix with each of its rows scaled to 
unity. 
Therefore, 
C= AB" 
For a non-square matrix B" cannot be calculated but a least squares or 
("pseudoinvers6" solution can be obtained as follows 
C= AB'[B'B]-l 
Were B' is the transpose of B. Therefore a first approximation of C can be calculated. 
In the first approximation some values of C can be negative concentrations. These are 
corrected to a value of 0 and a second approximation of B is calculated using the 
corrected matrix C and the original matrix A. 
[C'C]-IC'A 
This produces a second approximation of the matrix B. Negative values are then 
corrected and each row is scaled so that the composition add up to unity. 
Subsequent values of B and C are then iteratively calculated until no significant 
corrections have to be made to either matrix. This then gives a final solution for the 
matrices B and C and the mixture resolution process is complete. 
137 
An empirical relationship was devised to indicate that the number of iterations had 
reached an optimum. For each iteration, the absolute values by which any given 
component number within the new B and C matrices exceeded one or was less than 
zero were summed and averaged over all the elements in each matrix and finally the 
two averaged values were added together to give a combined "fit" parameter. As this 
averaged values decreased then this indicates that B and C matrices are moving 
towards an acceptable solution. In practice, it has been found that this value usually 
reaches a minimum over a range of 5 to 80 iterations (depending on the data set) and 
then starts to rise again. The minimum values has been chosen to represent the 
optimum number of iterations. 
The algorithm was programmed in the MatLab programming language (The 
Mathworks, Natick, MA, USA). 
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CHAPTER SIX 
RESULTS and DISCUSSION 
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6. Results and Discussion 
The results from the attempted column separation of inorganic bound arsenic from 
organic bound arsenic in soil is presented in this section. Also presented is the 
chemometric data analysis from sequential extraction data. The data processing was 
able to give information on the probable arsenic associated phases in soils. 
6.1 Column Experiments 
The molecular weights of the soil humic substances containing bound arsenic were 
assumed to be larger than that of the inorganic arsenic, therefore SEC was used to 
separate soil humic substances (bound to arsenic) from the inorganic arsenic bound to 
Fe oxides. 
The results of the chromatographic analysis of standard humic acid (10-3 mol dM-3) 
eluted separately and arsenic standard solution (10-3 mol dM-3 ) are shown in Fig. 6.1. 
Chromatograms of soil sample extract are shown in Fig. 6-2. 
Fig. 6.1 - Comparison of UV-HA and ICP-AES-arsenic chromatograms of 
standard solutions of HA (10-3 mol d M-3 ) and arsenic (10-3 mol d M-3 ) eluted with 
0.1 % TMAH 
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The procedure was not able to resolve the inorganic arsenic peak and the organic 
arsenic peak after several trials, perhaps an on-line SEC-ICP-AES system may have 
been more successful. However, an interesting discovery was made which was the 
good recoveries obtained for arsenic from the soil by using TMAH as an extractant. 
Therefore an investigation of the use of TMAH as an alternative reagent for the 
studies of arsenic bearing phases in soils was carried out. 
Fig. 6.2 - Comparison of UV-HA and ICP-AES-arsenic chromatogram of soil 
extract eluted with 0.1 % TMAH 
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6.2 Optimization of TMAH Single Step Extraction Method 
0 
The results for the recoveries from the single extraction using various concentrations 
of TMAH at 30 min and 3h equilibration time are presented in Fig 6.3 and Table 38 
(pages 238-239). For arsenic the results show a 90 % recovery using 9% TMAH at 3 
h equilibration period. This is therefore the optimum extraction condition for arsenic 
using TMAH. 
Pb also gave a good yield at about 80 % when 5% TMAH was in contact with soil 
sample at 3h equilibration time. Fe was poorly extracted which was expected as 
TMAH is a highly alkaline solvent. In general, the following elements gave good 
recoveries (> 10 %) with 9% TMAH at 3h contact period: As, Pb, V, S and P. 
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The effect of acidifying the samples before ICP-AES analysis was investigated and 
the result is shown in Fig. 6.4. 
Fig. 6.3 - Percentage recoveries of elements measured after single extraction with 
various concentrations of TMAH at 30 min and 3h contact time (a) 9% TMAH, 
(b) 5% TMAH, (c) 0.9 % TMAH and (d) 0.1% TMAH 
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Fig. 6.4 - Comparison of the total element extracted in non acidified and acidified 
extract for 9% TMAH at 3h 
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Al As Ba Ca Cu Fe Mg Ni Pb Sr V Zn SP 
The acidification does not affect arsenic, as almost 90 % is extracted in the two 
schemes, However, Fe is almost lost <I% in the acidified scheme while Pb is 
reduced from 36 % in non acidified to 10 % in the acidified extract. 
The effectiveness of TMAH as a suitable solvent for extracting arsenic from soil was 
tested using the National Institute of Science and Technology (NIST), USA 
contaminated soil standard reference material, SRM 2710. The results of percentages 
of total extracted elements using 9% TMAH equilibrated for 3h is presented in Fig. 
6.5 and Table 38 (page 239). 
Fig. 6.5 - Comparison of the total element extracted in SRM 2710 using 9% 
TMAH equilibrated for 3 h, acidified and non acidified extract 
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From this result about 70 % of arsenic is extracted from the reference soil sample 
using the optimum condition of 9% TMAH equilibrated for 3 h. Interestingly, > 40 % 
of Cd, Cu, S and P is also extracted. Acidification does not play a significant role as 
there is not much different between percentage of total extracted in acidified and non 
aci i ed extract. TMAH is a suitable alternative to NaOH for alkaline extraction of 
arsenic in soils. 
One approach to the analytical determination of the distribution of metals among 
physicochernical components of soil has been the phase - selective chemical 
extractions involving single or multiple extracting reagents. Multi - step sequential 
extraction schemes appear to be of greater value than a single extractant, providing 
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more detailed information of possible metal chemical forms in the soil [534,552]. 
The reagents utilised in the sequential extraction have been chosen on the basis of 
their supposed selectivity and specificity towards particular physico chemical forms, 
although variations in reagent strength, volume and extraction time between schemes 
are apparent [549]. 
In addition to the methodological problems of sequential extraction, the chemical 
analysis of the extraction reagents can cause significant problems. The extracts are 
usually analysed by atomic spectrometric methods, most commonly ICP-AES and 
ICP-MS. The high concentration of salts in these extracts can cause blockages to the 
sample introduction system and instability of the ICP, requiring the samples to be 
diluted or digested prior to analysis [5491. 
6.3 TMAH Sequential Extraction Studies 
6.3.1 Introduction 
Sequential extraction methods have suffered from various limitations as mentioned. 
One important problem is that the reagents are not specific for their target phase [553, 
554] and it has been shown by a number of studies [555-560] that, during the leaching 
process, liberated trace metals can be re-sorbed onto the soil under test, compromising 
the interpretation of the metal distribution within the sample. 
In their study, Cave and Harmon [553] suggested that, since no extraction reagent 
could be considered totally specific for its target phase, a better approach to extraction 
tests was to consider the extracts as mixture of different phases and to use a 
multivariate mathematical procedure based on techniques such as Principal 
Component Analysis (PCA) and Factor Analysis [561] to resolve the mixtures into 
their component parts. 
in a follow up study to this work, Cave and Wragg [554] addressed the problems of 
methodologically defined phases and difficulties of reagent analysis by using a simple 
non - specific extraction reagent, HN03, which was reacted for different times and at 
different acid concentrations with NIST contaminated soil standard reference 
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material, SRM 2710. The resulting solutions were analysed and, using mixture 
resolution data - processing (chemometric) of the resulting trace element data, they 
were able to separate and identify four distinct physicochernical phases present in the 
test sample. 
Therefore, the objective of the experiments reported here was to combine the use of 
Cave and Wragg's [554] approach, of using a fast, and simple extraction method 
which involves the use of a non - specific reagent (in this case TMAH), combined 
with chemometric data processing. The method is called Chemometric Identification 
of Substrates and Elements Distribution (CISED) as proposed by those authors. 
6.3.2 Interpretation of SRM 2710 data 
6.3.2.1 Raw elemental data 
The elemental data for each extraction of the soil reference material, corrected back to 
mg of determinand per kg of sample, are shown in Table 39 (non acidified samples), 
page 240 and Table 40 (acidified samples) page 241. Fig 6.6 shows the total amount 
of each element extracted by summing the metal content of each extract compared to 
the certified total metal content for non acidified samples. Fig. 6.7 gives the values for 
the acidified samples. 
Fig. 6.6 - Comparison of the total element extracted in two replicate non 
acidified experiments 
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For all the elements there is good repeatability between the two replicates. For As, 
Cd, Cu and S, about 30 - 60 % of the total metal present is extracted by the scheme 
used in this study. 
Fig. 6.7 - Comparison of the total element extracted in two replicates acidified 
experiments 
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6.3.2.2 Chemometric processed data 
Pb Si Ti V Zn SP 
6.3.2.2.1 Estimation of the number of end-member components for SRM 2710 
The method of finding the true number of end members for SRM 2710 was estimated 
by running the component resolution algorithm over a range of estimated number of 
components. The number of components is indicated by the minimum value for the fit 
function. Fig. 6.8 shows a plot of the fit parameter. 
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Fig. 6.8 - Estimation of the number of components in SRM 2710 using the fit 
parameter 
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The extraction data for the replicated samples (non acidified samples) were averaged 
to give a data matrix of 18 elements by 12 extracts. The data were then subjected to 
the chemometric data processing procedure described earlier. The fit (Fig. 6.8) 
parameter predicted that seven discrete physicochemical components have been 
extracted from SRM 2710 during the extraction process. Table 41 (page 242) shows 
the relative composition of each of the identified components and Table 42 (page 242) 
gives the profile. The following discussion uses the plot of the extraction profiles, 
Table 41 and a plot of the composition data Table 42, along with the findings of the 
previous study by Cave el al. [5491 and the mineralogical analysis (Table 48) done on 
SRM 2710 by same authors using backscattered scanning electron microscopy 
(BSEM) equipped with digital energy-dispersive X-ray microanalysis (EDXA) 
system, to assign the source of the physicochernical components found in SRM 2710. 
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Table 48 - Relative proportions of metal particles identified 
in SRM 2710 by 
BSEM-EDXA 15491 
Chemistry Probable mineralogy Relative proportion 
Lead sulfide Galena 16 
Lead sulfate or oxysulfate Anglesite, lanarkite 10 
Lead aluminium phosphate Plumbogummite 4 
Iron sulfide Pyrite or marcasite I 
Iron copper sulfide Chalcopyrite I 
Zinc sulfide Sphalerite I 
Iron oxide or 
oxyhydroxide 
Hematite or goethite 16 
Iron titanium oxide Ilmenite 3 
Manganese oxide or 
oxyhydroxide 
9 
Manganese-iron-zinc 
oxide or oxyhydroxide 
38 
Manganese silicate/oxide I 
6.3.2.2.2 Al - Si component (component 1) 
Fig. 6.9 - Extraction profile (a) and elemental composition (b) of component 
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This component is principally extracted over extracts 5 -10 (0.5 -5% TMAH) and is 
made of Al (ca. 69 %), Si (ca. 19 %), Fe (ca. 5 %) and to lesser extent Mg, Ca, Cu, Pb 
(>5 %). 
6.3.2.2.3 Pore-water (component 2) 
Fig. 6.10 - Extraction profile (a) and elemental composition (b) of component 2 
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This is the most easily extracted component and is totally removed by the two initial 
deionised water extractions. It is principally made up from S (ca. 33 %), 
Ca (ca. 25 %), K (ca. 18 %), Mn (ca. 12 %) and Cu, Mg, Si and Zn which are all 
present at >6%. The ease of the removal of this component suggest that it could be 
derived from salts from the onginal pore-water in the soil. It bears some relationship 
with the pore-water phase identified in the previous study [549] which used acid 
extraction experiments. 
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6.3.2.2.4 Al dominated component (component 3) 
Fig. 6.11 - Extraction profile (a) and elemental composition (b) of component 3 
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The extraction profile of this component shows that it comes through from 5 to 12 
(0.5 -9% TMAH) extraction steps. The principal composition is Al (ca. 78 %) and 
Zn (ca. 9 %) with minor amount of Cu, Fe, As and P (> 6 %). 
6.3.2.2.5 Cu -S dominated component (component 4) 
This component is removed with extracts 5-8 (0.5 - 0.9 % TMAH) and is made up 
mainly of Cu (ca. 40 %), S (ca. 21 %), P (ca. 14 %), Zn (ca. 10 %) and Ca (ca. 8 %) 
to a lesser extent arsenic and Mn (> 5 %). 
Fig. 6.12 - Extraction profile (a) and elemental composition (b) of component 4 
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6.3.2.2.6 Al - Si -P dominated component (Component 5) 
Fig. 6.13 - Extraction profile (a) and elemental composition (b) of component 
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This component does not have a clear window of extraction but is composed of Al 
(ca. 34 %), Si (ca, 22 %), Pb (ca. 19 %), Fe (ca. 6 %), K (ca. 9 %) and S (ca. 5 %). 
6.3.2.2.7 Si dominated component (component 6) 
Fig. 6.14 - Extraction profile (a) and elemental composition (b) of component 6 
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This component is removed by the deionised water and TMAH extracts over the 
range 0.5 -9% and is made up mainly of Si (ca. 38 %), S (ca. 21 %), Fe (ca. 15 %) 
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and K (ca. 17 %). It also contains As (ca. 3 %) and P (ca. 3 %) and to a lesser extent 
Mn and Mg (> 3 %). 
6.3.2.2.8 Al - Zn dominated component (component 
Fig. 6.15 - Extraction profile and elemental composition of component 
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(0-9 -9 %). It's composition includes A] (ca. 35 %), Zn (ca. 36 %), Fe (ca. 9 %), K 
(ca. 8 %), Si (ca. 7 %), Mn (ca. 3 %) and S (ca. 2 
6.3.2.3 Chemometric model evaluation 
To be certain the choice of 7 components identified by the chemometric procedure 
correctly matches the physico chemical components in the soil extract, a comparison 
of the "actual" and "predicted" distribution of the different elements has to be made. 
The "actual" data sets refered to here, represents the experimental numbers measured 
for each element in each extraction sequence. The "predicted" data sets represent the 
chemometric generated numbers for each element in each extraction sequence based 
on the mathematical computation described on page 137. The agreement between the 
two data sets signify correct component identification. For soil sample SRM 2710, 
Fig. 6.16 -6.18 show this comparison for three elements of interest namely: Al, As 
and Fe while the other elements are shown on pages 243 - 261 including the 
distribution data (Table 43). 
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Fig. 6.16 - Comparison of the actual and predicted distribution data for 
aluminium based on the model for 7 components 
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The "actual" data sets are the experimentally obtained values for aluminiurn in each 
extraction sequences. The "predicted" data sets are the chemometric mixture 
resolution calculated value for aluminium for a7 component system. For Al, there is 
good agreement between the two sets of data. Therefore the model correctly predicts 
the distribution of Al within the various solid phases in the soil solution extract. 
Fig. 6.17 - Comparison of the actual and predicted distribution data for arsenic 
based on the model for 7 components 
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Also there is good agreement between the "actual" and "predicted" sets of data for 
arsenic, therefore, the model gives a good prediction for the distribution of arsenic in 
the 7 component system. 
Fig. 6.18 - Comparison of the actual and predicted distribution data for iron 
based on the model for 7 components 
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The "actual" and "predicted" data show excellent agreement for Fe (Fig. 6.18) 
throughout the entire data set range. 
The conclusion from these (Fig, 6.16 - 6.18) is that within the error of the noise added 
to the data, the data processing technique accurately predicts the elemental 
distribution in SRM 2710 using TMAH experiments. 
6.3.2.4 Arsenic distribution 
In addition to correctly predicting the number of components and resolving their 
extraction profiles, the most important part of this study was to identify the 
distribution of elements of interest between these different components. This is of 
importance as it is a useful monitoring tool for the whereabouts of toxic species. In 
this particular case the importance lies in the identification of arsenic bearing phases 
in the soil sample. Fig. 6.19 shows the distribution of arsenic amongst the 7 
components of the soil sample SRM 2710. 
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Fig. 6.19 - The distribution of arsenic amongst the various components of soil 
sample SRM 2710 using TMAH extraction experiments 
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About 70 % of the total arsenic extracted from this soil is found in component 3, 
which comprises mainly of Al (78 %), and is likely to be an inorganic phase. 
Similarly, component I is made up mainly of A] also likely to be an inorganic phase. 
Whereas, component 4 and 6 which has - 15 - 20 % arsenic, comprises of Cu (40 %) 
and S (21 %) suggesting some organic type of phase. The distribution of arsenic 
amongst various components of soil SRM 2710 using acid extraction experiment 
studied by Cave el al. [549] is presented in Fig 6.20. 
Arsenic is mainly found in component 2 in the acid extraction of SRM 2710 (Fig. 
6.20). The elemental composition of component 2 in this acid extraction scheme is 
mainly Fe (ca. 40 %) and Al (ca. 15 %). The conclusion was that arsenic is mainly 
associated with Fe oxide (551). A comparison of the elemental composition of 
component 2 in the acid extraction experiments and component 3 in the alkaline 
extraction experiments gave some similar features which is shown in Fig. 6.21. 
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Fig. 6.20 - The distribution of arsenic amongst the various components of soil 
sample SRM 2710 using acid extraction experiments 
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Component 2 from acid extraction and component 3 in TMAH extraction have similar 
elemental compositions (see Fig. 6.21). The differences in the quantitative amounts of 
each element lies in the fact that each extractant is better suited for extracting certain 
of these elements, e. g acidic solution extracts Fe better than alkaline TMAH solution. 
It could be concluded that these two components are similar confirming that arsenic is 
mainly associated with Fe oxide in soils. 
Fig. 6.21 - The comparison of elemental composition of component 2 in acid 
extraction (a) and component 3 in TMAH extraction (b) on SRM 2710 
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(b) Elemental composition of component 3 from TMAH extraction 
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6.3.3 Interpretation of MPM 31 data 
The elemental data for each extraction of the arsenic contaminated soil material 
MPS 3 1, corrected back to mg of determinand per kg of sample, are shown in Table 
44 (non acidified samples) (page 262). The extraction data for the two replicate 
samples (non acidified samples) were averaged to give a data matrix of 18 elements 
by 12 extracts. The data were then subjected to the chemometric data processing 
procedure described earlier. The fit parameter predicted that eight discrete physico- 
chemical components have been extracted from MPS 31 during the extraction 
process. Table 45 on page 263 shows the relative composition of each of the 
identified components and Table 46 on page 263 gives the profile. The following 
discussion uses the plot of the extraction profiles and a plot of the composition data 
in Table 45, to assign the source of the physico chemical components found in this 
study. 
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6.3.3.1 Chemometric processed data 
6.3.3.1.1 Fe - As dominated component (component 
Fig. 6.22 - Extraction profile (a) and elemental composition (b) of component I 
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Component I is extracted over a broad range (extracts 5- 14) and is made up 
principally of Fe (ca. 78 %), As (ca. 19 %) and Al (ca. 3 %). This fraction could be 
identified as an Fe oxide/oxyhydroxide, phase in the soil sample. It bears resemblance 
to component 3 of SRM 2710 soil profile discussed earlier. 
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6.3.3.1.2 S- Fe - Al dominated component (component 2) 
Fig. 6.23 - Extraction profile (a) and elemental composition (b) of component 2 
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Component 2 is extracted prIncipally over extracts 5- 10 (0.5 -5% TMAH) and is 
made up of S (ca. 48 %), Fe (ca. 30 %), Al (ca. 15 %) and As (ca. 7 %). This fraction 
could also be another Fe oxide phase, maybe a crystalline phase. 
6.3.3.1.3 Sulfur dominated components (component 3,7,8) 
Components 3,7 and 8 represented in Figs. 6.24 - 6.26 are all dominated by sulfur. 
Component 3 appears in extracts I- 10, and has 81 %S with Al, P and K comprising 
less than 10 %. Component 7 has no clear window of extraction and again contains 
97 %S with <3% Ca and P. Component 8 comes off in extracts 3-7 
(0.1 - 0.9 % TMAH) and is principally made up of 74 % S, 24 % Fe and 2% Si. The 
high sulfur content of these three components suggest the likelihood of an organic 
phase solubilisation. 
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Fig. 6.24 - Extraction profile (a) and elemental composition (b) of component 3 
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Fig. 6.25 - Extraction profile (a) and elemental composition (b) of component 7 
(a) extraction profile 
700 
600 
500 
4UU 
2 300 
0 cc 
200 
100 
0 
47 10 13 
Extraction Number 
(b) elemental composition 
Al 
90. 
(b) elemental composition 
Ca 
P 2% 
s 
97% 
161 
47 10 13 
Extraction Nwnber 
Fig. 6.26 - Extraction profile (a) and elemental composition (b) of component 
8 
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6.3.3.1.4 Pore water component (component 4) 
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Fig. 6.27 - Extraction profile (a) and elemental composition (b) of component 4 
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The majority Of component 4 is removed by deionised water extractions. It composes 
of Fe (ca. 35 %), Ca (ca. 27 %), Mg (ca. 16 %), K (ca. 8 %), Pb (ca. 9 %) and Cu, Zn 
and Mn which are all present at >3%. These solids therefore, come from soil pore 
water phase. 
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6.3.3.1.5 As - Fe dominated component (component 5) 
Fig. 6.28 - Extraction profile (a) and elemental composition (b) of component 
5 
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Component 5 is removed in the entire extraction window, and is made of As 
(ca. 59 %), Fe (ca. 22 %), Si and Al (ca. 8 %), and small amounts of Cd (ca. 2 %) and 
K (ca. I %). This phase could be arsenic desorbed from iron minerals because of the 
high arsenic content in this component. 
6.3.3.1.6 As - Al dominated component (component 6) 
Fig. 6.29 - Extraction profile (a) and elemental composition (b) of component 6 
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Component 6 is extracted over 5- 14 (0.5 -9% TMAH) and contains mainly arsenic 
(ca-78 %) and Al (ca. 13 %) with some smaller amounts of Cd, Si, and P (> 6 %). 
This phase could be arsenic desorbed from aluminium minerals. 
6.3.3.2 Arsenic distribution 
The distribution of arsenic in the different extracted components of soil sample 
MPM 31 is shown in Fig. 6.30 
About 40 % of the total arsenic extracted from this soil is found in component 1, 
which comprises mainly of Fe (78 %), which is probably an inorganic phase. Also, 
component 6 and 5 comprises mainly of arsenic and aluminium, which may have been 
desorbed from an inorganic material. Component 2 comprises of S (48 %) and Fe 
(30 %) which may be Fe oxides associated with humic material. 
Fig. 6.30 - The distribution of arsenic amongst the various components of soil 
sample MPM 31 using TMAH extraction experiments 
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6.3.3.3 Humic acid distribution 
The amount of humic acid extracted by each extraction step was measured using UV 
absorbance spectrophotometry, and the results are shown in Table 44 (page 262) and 
Fig. 6.3 1. 
Fig. 6.31 - The amount of humic acid removed from soil sample NIPS 31 using 
TMAH sequential extraction experiments 
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Humic acid is removed at highest TMAH concentrations (9 % TMAH) which was 
expected because of the solubility of humic acid at high alkaline conditions. A 
correlation of the humic acid result with the MPM 31 soil profile data Table 46 (page 
263) gave the result in Table 49. 
Table 49 - The correlation of humic acid with the 8 components identified in soil 
sample MPM 31 using TMAH sequential extraction experiments 
Components Humic Acid 
Correlation value 
1 0.95 
2 -0.05 
3 -0.25 
4 -0.27 
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Table 49 Con'd 
5 0.40 
6 0.15 
7 0.23 
8 -0.36 
There is a correlation of humic acid with component I which is composed, principally 
of Fe (ca. 78 %), As (ca. 19 %) and Al (ca. 3 %). The relationship of humic acid with 
component I suggest that these elements (Fe, As, and Al) might have been desorbed 
from some organic type material. It is therefore not plausible to associate the arsenic 
in this component to direct desorption from humic acid. 
6.3.3.4 Chernometric model evaluation 
Fig. 6.32 shows a comparison of the model calculated (predicted) arsenic in the 
different extractant and the actual experimental measured arsenic in the same 
extractant. There is good agreement between the "actual" and "predicted" sets of data, 
therefore the model gives a good calculated value for arsenic distribution in the 8 
component phases present in soil MPM 3 1. The result for other elements is on page 
264-282 (Table 47) 
Fig. 6.32 - Comparison of the actual and predicted distribution data for arsenic 
based on the model for 8 components for MPM 31 
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7. Conclusion and Further Work 
7.1 Arsenic Aqueous Chemistry 
Arsenic species were shown to react with humic acid. The logarithmic conditional 
association constants for the reactions were found to be 1.97 + 0.02 for As (V), 
1.58 A: 0.07 for As (III) and 1.50 ± 0.10 for DMA (V) for similar conditions found in 
natural waters. These low values indicate the formation of weak complexes with 
humic acid in solution phase. 
The mobility of arsenic in natural waters may be determined by the presence of 
stationary humic acid bound to geological solids and the pH and Eh of the water. 
However, stationary humic acid is unlikely to reduce the mobility of arsenic in natural 
waters, because of the weak association of arsenic with humic acid. 
The extent of arsenic species associating with hurnic acid is greater in the pH range of 
8- 10 for As (V) and DMA (V), and pH 12 for As (III). Arsenic - humic acid 
interaction is postulated to involve ligand exchange at the hydroxy groups within the 
humic molecule. The association is highly dependent on pK ionic strength and 
concentration of arsenic. The strong pH dependency is most likely due to the 
distribution and speciation of arsenic in solution and also on the solubility of humic 
acid. 
At low Eh the predominance of As (111) over As (V) and the dissolution of Fe oxides 
and oxyhydroxides would enhance the leaching of arsenic from soils leading to an 
increase in the arsenic concentration in the water. 
Phosphate was also observed to weakly interact with humic acid in a similar manner 
to arsenic. This anion - anion interaction should be investigated further, concentrating 
on the mechanism of interaction. Extended X-ray adsorption fine structure (EXAFS) 
analysis, Transmission-Fourier Transform Infrared (T-FTIR) or Attenuated Total 
Reflectance Fourier Transform Infrared (ATR-FTIR) may be useful for investigation 
of arsenic associated with humic acid using approaches similar to that used by Sun et 
al. [253], Fendorf et al. [348] in their investigation of arsenic bonding to goethite. 
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7.2 Arsenic Soil Chemistry 
Tetramethylammonium hydroxide (TMAH) has been shown to extract 90 % of 
arsenic from a contaminated soil sample by using a single step extraction carried out 
in 3 h. An advantage of using TMAH was that it did not increase the salt 
concentrations of test samples and therefore did not affect the plasma of ICP- 
instruments used to measure the arsenic concentration. Therefore, the use of TMAH is 
recommended as a suitable extractant for future soil studies where alkaline extraction 
is required. 
Sequential extraction followed by chemometric data processing has shown that 
arsenic is associated with Fe oxides/oxyhydroxides. The technique also showed humic 
acid to be statistically correlated to this arsenic-iron fraction, which was not observed 
in a previous study by Cave et al. [549] using HN03 as the extractant. However, it 
was unclear whether the arsenic was desorbed from humic acid or from humic acid 
bound to Fe in association with arsenic. Further work is necessary to clarify this 
situation. 
The use of SEC-BPLC-ICP-AES for identification of organically bound arsenic 
appears promising although, using the column used in this study, separation of free 
from bound arsenic was unsatisfactory. Further development is necessary using, for 
example, the TMAH soil extract and coupling the BPLC column to a UV detector 
followed by ICP-MS. 
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9. Table of Results 
Table 5 -Permeability of 100OMWCO membrane for As (V) (10-4 mol dm-3) at 
pH 5 and IS 0.05 M KN03 
code Unfiltered blank 
mol dm-3 pH 5 
Filtered blank 
mol d 
Unfiltered blank 
mot dm-3 pH 8 
Filtered blank 
mol din -3 pH 8 
1 8.81E-06 88.0113-06 1.52E-05 1.5813-05 
2 IAIE05 1.45E-05 2.20E-05 2.19E-05 
3 1.67E-05 1.62E-05 3.1 OE-05 2.9213-05 
4 2.47E-05 2.48E-05 5.89E-05 5.89E-05 
5 3.12E-05 3.0713-05 8.6513-05 8.45E-05 
6 
_5.98E-05 
5.97E-05 1.16E-04 1.1 IE-04 
7 9.7813-05 9.01E-05 1.4613-04 1.46E-04 
8 1.1913-04 1.15E-04 1.68E-04 1.66E-04 
9 1.45E-04 1.45E-04 2.0313-04 2.02E-04 
10 1.75E-04 1.72E-04 2.3 IE-04 2.18&04ý 
II 1.76E-04 1.79E-04 2.67E-04 2.54E-04 
12, 2.24E-04 2.24E-04 2.81E-04 2.6213-04 
13 2-26E-04 2.23E-04 3.20E-04 3.04E-04 
14 2.3 IE-04 2.28E-04 3.3413-04 3.2713-04 
15 2.6111-04 2.60E-04 3.7113-04 3.50B. 04 
16 2.70E-04 2.80E-04 3.99E-04- 3.67E-04 
17 2-86E-04 2.83E-04 -4.1713-04 3.9313-04 
18 3.13E-04 3.02E-04 5.78E-04 5.3 1 E-04 
19 3.35E-04 3.32E-04 
2(y 3.47E-04 3.48E-04 
21. 3.62E-04 3.58E-04 
22 3.54E-04 3.51E-04 
23 4.1313-04 4. OSE-04 
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Table 6- Humic acid concentration in 100OMWCO filtrate at various pH and IS 
0.05 M KNO3 measured at 400 nm 
pH Absorbance [EL41 mg dm-3 
I [HAI% 
in riltrate 
[HAI% 
removed 
3 0.041 4.94 0.41 99.59 
4 0.040 4.82 0.40 99.60 
5 0.052 6.27 0.52 99.49 
6 0.073 8.80 0.73 99.27 
7 0.075 9.04 0.75 99.25 
8 0.061 7.35 0.61 99.39 
9 0.066 7.95 0.66 99.34 
10 0.070 8.43 0.70 99.30 
III 
1 
0.120 14.46 
- 
1 . 20 9,8.80 1 12 __+ 1 0.122 14.70 
1 
1.22 98.78 
Table 8- Conditional association constant for As (V) - RA interaction at 
different pH at IS 0.05 mol dm-3 KN03 
PH lAsItt., 
mol dnO 
IHA]tti 
mol dm-3 
[Asir,,, 
mol dm-3 
[AsHAJ 
mol dm-3 
[HA]eq. 
mol dm3 
YLcond. LOgKcond S. D 
3 2.79E-04 6.36E-03 2.44E-04 3.21E-05 6.32E-03 22.74 1.36 0.02 
4 2.79E-04 6.36E-03 2.28E-04 5.13E-05 6.3 1 E-03 35.70 1.55 0.02 
5 2.88E-04 6.36E-03 2.37E-04 5.11E-05 6.31E-03 34.11 1.53 0.03' 
6 2.88E-04 6.36E-03 2.29E-04 5.89E-05 6.30E-03 40.72 1.61 0.02 
7 2-52E-04 6.36E-03 1.84E-04 6.81E-05 6.29E-03 58.79 1.77 0.03 
8 2.88E-04 6.36E-03 1.86E-04 1.02E-04 6.26E-03 87.45 1.94 0.03 
9 2.83E-04 6.36E-03 1.79E-04 1-. 04E-04 6.26E-03 92.93 1.97 0.02 
10 2.49E-04 6.36E-03 1.49E-04 LOOE-04 6.26E-03 107.21 2.03 0.03 
11 2.61E-04 6.36E-03 1.58E-04 1.03E-04 6.26E-03 104.19 2.02 0.02 
12 2.35E-04 6.36E-03 1.40E-04 9.58E-05 6.26E-03 10924 204 0.04 
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Table 9- Conditional association constant for As (111) - HA interaction at 
different pH at IS 0.05 mol dm-3 KN03 
PH [As],.,., 
mol dm-3 
[HA]t,, tat 
mol dm-3 
[Asir,.. 
mol dm-3 
[AsHAJ 
mol dm-3 
JHAjeq. 
mol dm-3 
lCmnd. LOgylLcond S. D 
3 2.76E-04 6.36E-03 2.69E-04 7.21E-06 6.53E-03 4.22 0.62 0.05 
4 2.76E-04 6.36E-03 2.67E-04 9.21E-06 6.53E-03 5.43 0.73 0.14 
5 2.79E-04 6.36E-03 2.65E-04 1.09E-05 6.53E-03 6.50 0.81 0.12 
6 2.76E-04 6.36E-03 2.63E-04 1.32E-05 6.53E-03 7.91 0.90 0.18 
7 2.76E-04 6.36E-03 2.55E-04 2.1 OE-05 6.34E-03 12.95 1.11 0.08 
8 2.76E-04 6.36E-03 2.3 1 E-04 4.58E-05 6.3 1 E-03 31.45 1.50 0.07 
9 2.76E-04 6.36E-03 2.23E-04 5.35E-05 6.3 IE-03 38.10 1.58 0.07 
10 2.76E-04 6.36E-03 2.18E-04 5.83E-05 6.30E-03 42.47 1.63 0.03 
11 2.76E-04 6.36E-03 1.72E-04 1.04E-04 6.26E-03 96.85 1.99 0.05 
12 2.76E-04 6.36E-03 1.35E-04 1.41E-04 6.22E-03 168.44 2.23 
Table 10 - Conditional association constant for DMA (V) - HA interaction at 
different pH and IS 0.05 mol. dm-3 KN03 
pH [AsIta., 
mol dm-3 
[HAltt., 
mol dm-3 
[Aslrw 
mol dm-3 
[AsHAJ 
mol dm3 
[HA]eq. 
mol dm-3 
Kcond. LogKc. nd S. D 
3 2.72E-04 6.36E-03 2.5 1 E-04 2.02E-05 6.34E-03 '12.66 1.10 0.03 
4 2.70E-04 6.36E-03 2.57E-04 1.47E-05 6.35E-03 9.03 0.96 0.05 
5 2.72E-04 6.36E-03 2.55E-04 1.63E-05 6.34E-03 10.08 1.00 0.06 
6 2.89E-04 6.36E-03 2.76E-04 1.24E-05 6.35E-03 7.05 0.85 0.05 
7 2.72E-04 6.36E-03 2.5 1 E-04 
- 
2.04E-05 6.34E-03 12.84 1.11 0.14 
8 2.87E-04 
1 
6.36E-03 2.40ff- 64 4.68E-05 6.31E-03- 30.96 1.49 0.07 
9 2.87E-04 6.36 -03 2.39E-04 4.73E-05 6.3 1 E-03 31.32 1.50 0.10 
10 2.82E-04 6.36E-03 2.26E-04 4.87E-05 6.3 1 E-03 34.07 1.53 0.05 
II 2.82E-04 6.36E-03 2.48E-04 3.48E-05 6.33E-03 22.24 1.35 0.08 
12 1 2.70E-04 
. 
6.3 
- 
6E-03 
I 
2.36E-04 
I 
3.42E-05 
I 
6.33E-03 
1 
22.90 [-1.36 0.09 
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Table 11 - Conditional association constant for As (V) - HA interaction at 
different ionic strength at pH 9 
is lAslt,, t., 
mol dm3 
[HA]tw 
mol dm-3 
[As] r,,, 
mol dm-3 
[AsHAJ 
mol dm-3 
[HAleq. 
mol dm-3 
Va-cond- L09VLcond S. D 
0 2.81E-04 6.36E-03 I. OIE-04 1.80E-04 6.18E-03 287.02 2.46 0.09 
0.005 2.81E-04 6.36E-03 1.25E-04 1.55E-04 6.20E-03 199.69 2.30 0.06 
0.02 2.81E-04 6-36E-03 LIOE-04 1.71E-04 6.19E-03 251.02 2.40 0.16 
0.04 2.8 1 E-04 6.36E-03 2. OOE-04 8.10E-05 6.28E-03 64.52 1.81 0.14 
0.08 2.8 1 E-04 6.36E-03 1.91E-04 8.97E-05 6.27E-03 74.86 1.87 0.04 
0.1 2.81E-04 6.36E-03 2-23E-04 5.75E-05 6.30E-03 40.89 1.61 0.12 
0.2 2.81E-04 6.36E-03 2.41E-04 3.94E-05 6.32E-03 25.80 1.41 0.31 
0.3 2.81E-04 636E-03 2.51E-04 3. OOE-05 6.33E-03 18.91 1.28 0.25 
0.4 2.8 1 E-04 6.36E-03 2.63E-04 I. SOE-05 6.34E-03 10.77 1.03 0.19 
Table 12 - Conditional association constant for As (111) - RA interaction at 
different ionic strength at pH 9 
is 
- 
[Asltt. 1 
mol dm2 
JHAltt., 
mol dm-3 
[AS] fi, ' 
mol dm-ý 
[AsHAI 
mol dm-3 
IHA1eq. 
mol dm-ý 
1'Ccond. LO?, Kcond S. D 
--o 2.77E-04 6.36E-03 2.22E-04 5.55E-05 6.30E-03 39.36 1.60 0.04 
-o. 005 2.77E-04 6.36E-03 2.24E-04 5.37E-05 6.3 1 E-03 37.71 1.58 0.03 
0.02 
- 
2.77E-04 6.36E-03 2.27E-04 5.06E-05 6.3 1 E-03 35.07 1.54 0.02 
--Ö 
. 
04 
- 
2.77E-04 6.36E-03 2.40E-04 3.74E-05 6.32E-03 24.49 1.39 0.09 
--5. -0 8 
. 
08 2.77E-04 6.36E-03 2.44E-04 3.34E-05 6.33E-03 21.50 1.33 0.06 
0.1 2.77E-04 6.36E-03 2.45E-04 3.24E-05 6.33E-03 20.82 1.32 0.04 
0.2 2.77E-04 6.36E-03 2.67E-04 1.05E-05 6.35E-03 6.21 0.79 - 0.14- 
0.3 2.77E-04 6.36E-03 2.67E-04 1.03E-05 6.35E-03 6.05 0.78 0.10 
0.4 
-ý 
2.77E-04 
t 
6.36E-03 
1 -- 
2.69E-04 
1 
8.14E-06 
1 
6.35E-03 
1 
4.76 
1 
0.68 0.20 
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Table 13 - Conditional association constant for DMA (V) - HA interaction at 
different ionic strength at pH 9 
is [AsItota 
mol dm-3 
[HA]tti 
mol dm -3 
[Asif,,. 
mol dm-3 
[AsHAI 
mol dm-3 
IHA]eq. 
mol dm-3 
Kcond LogK,,, nd 
S. D 
0 2.89E-04 6.36E-03 2. OSE-04 8.06E-05 6.28E-03 61.66 1.79 0.09 
--&- 
. 
005 
. 
005 2.89E-04 6.36E-03 2.17E-04 7.16E-05 6.29E-03 52.75 1.72 0.06 
0.02 2.89E-04 6.36E-03 2.26E-03 6.30E-05 6.30E-03 44.30 1.65 0.05 
0.04 2.89E-04 6.36E-03 2.49E-04 4.03E-05 6.32E-03 25.66 1.41 0.04 
0.08 2.89E-04 6.36E-03 2.59E-04 2.94E-05 6.33E-03 17.88 1.25 0.04 
0.1 
,1 
2.89E-04 6.36E-03 2.48E-04 4.12E-05 6.32E-03 26.36 1.42 0.09 
0 2 -2.89E-04 6.36E-03 2.63E-04 2.56E-05 6.33E-03 15.37 1.19 0.05 
0.3 2.89E-04 6.36E-03 2.61E-03 1 
2.75E-05 6.33E-03 16.61 1.22 0.05 
0.4 2.89E-04 6.36E-03 I 2.73E-04 1.70E-05 6.34E-03 9.83 0.99 0.12 
Table 16 - Effect of increasing concentration of As (V) on amount of product 
formed at pH 5 and IS 0.05 mol dm-3 KN03 
[Asli 
Ininol dm-3 
[AsIf 
mmol 
dM-3 
A [As] 
mmol 
dm -3 
v 
dm3 
MIIA 
kg 
r 
mmol kg-1 
S. D %bound 
1.44E-02 1.31E-02 1.33E-03 2. OOE-03 1.20E-03 1.11 0.03 9.20 
1.64E-02 1.47E-02 1.60E-03 2. OOE-03 1.20E-03 1.40 0.56 10.20 
---ý. 51&02 
- 
2.34E-02 
- 
1.74E-03 2. OOE-03 1.20E-03 1.48 004 7.00 
--3- 06E-02 2.76E-02 2.80E-03 2. OOE-03 1.20E-03 2.43 0.12 9.40 
5.97E-02 5.3 IE-02 6.54E-03 2. OOE-03 1.20E-03 5.50 0.62 10.90 
8.97E-02 7.97E-02 9.88E-03 2. OOE-03 1.20E-03 8.35 0.11 11.10 
1.03E-01 1.07E-02 2. OOE-03 : 1.20E-03 8.99 0.11 9.20 
E1.45E-01 1.35E-01 1.09E-02 2. OOE-03 1.20E-03 9.15 0.24 7.50 
1 . 73E-01 1.73E 
01 1.55E-01 -02 1.20E -03 2. OOE 1.20E-03 10.13 0.30 6.90 
1.88E-01 1.78E-01 9.88E-03 2. OOE-03 1.20E-03 8.27 0.33 5.20 
2.23E-01 2.10E-01 
- 
1.28E-02 2. OOE-03 1.20E-03 10.82 0.48 5.80 
2.10E-0 1 1.35E-02 2. OOE-03 1.2. OE-0-3 11.44 1 0.58 
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Table 16 Con'd 
2.29E-01 2.16E-01 1.37E-02 2. OOE-03 1.20E-03 11.65 0.28 6.00 
2.61E-01 2.32E-01 2.95E-02 2. OOE-03 1.20E-03 24.78 0.26 11.30 
2.64E-01 2.37E-01 2.74E-02 2. OOE-03 1.20E-03 22.91 0.47 10.20 
2.85E-01 2.60E-01 2.47E-02 2. OOE-03 1.20E-OT 20.83 0.34 8.70 
2.86E-01 2.58E-01 2.82E-02 2. OOE-03 1.20E-03 23.75 1.07 9.90 
3.07E-01 2.75E-01 3.23E-02 2. OOE-03 1.20E-03 27.32 0.58 10.50 
3.33E-01 2.94E-01 3.87E-02 2. OOE-03 1.20E-03 32.56 0.54 11.90 
3.47E-01 3.09E-01 3.80E-02 2. OOE-03 1.20E-03 32.12 0.60 11.00 
3.60E-01 3.18E-01 4.14E-02 2. OOE-03 1.20E-03 35.15 0.70 11.50 
3.53E-01 3. IIE-01 4.16E-02 2. OOE-03 1.20E-03 34.95 0.73 11.80 
4.02E-01 3.69E-01 3.34E-02 2. OOE-03 1.20E-03 28.00 0.78 8.30 
Table 17 - Effect of increasing concentration of As (" on amount of product 
formed at pH 5 and IS 0.05 mol dm -3 KNo3 
[Asli 
mmol dm3 
[AsIf 
mmol dm3 
A [As] 
mmol dm"3 
v 
dn? 
MIIA 
kg 
r 
mmol kg-1 
S. D %bound 
2.71E-02 2.66E-02 5.34E-04 2. OOE-02 1.20E-03 0.47 0.32 2.12 
5.50E-02 5.38E-02 1.20E-03 2. OOE-02 1.20E-03 0.96 0.51 2.09 
8.32E-02 8.02E-02 2.94E-03 2. OOE-02 1.20E-03 2.42 0.33 3.51 
I. IIE-01 1.08E-01 2.54E-03 2. OOE-02 1.20E-03 2.05 0.28 2.22 
1.40E-01 1.34E-01 6.14E-03 2. OOE-02 1.20E-03 5.03 0.77 4.29 
1.72E-01 1.60E-01 1.21E-02 2. OOE-02 1.20E-03 10.04 1.34 7.02 
2.03E-01 1.88E-01 1.51E-02 2. OOE-02 1.20E-03 12.47 1.70 7.85 
2.27E-01 2.12E-01 1.55E-02 2. OOE-02 1.20E-03 12.91 1.57 6.81 
2.57E-01 2.38E-01 1.91E-02 2. OOE-02 1.20E-03 15.87 5.99 7.39 
3.18E-01 2.99E-01 1.92E-02 2. OOE-02 1.20E-03 16.11 4.53 6.07 
3.36E-01 3.19E-01 1.94E-02 2. OOE-02 1.20E-03 16.01- 4.53 4.07 
3.66E-01 3.51E-01 1.48E-02 2. OOE-02 1.20E-03 12.45 1.18 7.95 
3.89E-01 3.70E-01 1.92E-0-2 2. OOE-02 1.20E-03 16.04 4.45 4.08 
4.13E-01 3.97E-01 1.67E-02 2. OOE-02 1.20E-03 14.09 1.25 3.86 
5.61E-01 5.41E-01 1.94E-02 2. OOE-02 1.20E-03 16.19 4.06 3.57 
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Table 18 - Effect of increasing concentration of DMA (V) on amount of product 
formed at pH 5 and IS 0.05 mol dm-3 KN03 
[Asit 
mmot dni-3 
[Asif 
-mmol the 
A [As] 
mmol dm-3 
v 
dm3 
MIL4 
kg 
F 
mmol kg-1 
S. D %bound 
1.58E-02 1.40E-02 - 1.85E-03 2. OOE-02 1.20E-03 1.54 0.14 11.65 
2.94E-02 2.73E-02 2.18E-03 2. OOE-02 1.20E-03 1.81 0.09 7.40 
5.76E-02 5.52E-02 2.37E-03 2. OOE-02 1.20E-03 1.97 0.56 4.11 
8.5 1E-02 *8.23E-02 2.7 1 E-03 2. OOE-02 1.20E-03 2.26 0.04 3.19 
1.12E-01 1.1 OE-0 I 2.62E-03 2. OOE-02 1.20E-03 2.18 0.54 2.33 
1.40E-01 1.36E-01 3.50E-03 2. OOE-02 1.20E-03 2.92 0.22 2.50 
1.62E-01 1.59E-01 3.69E-03 2. OOE-02 1.20E-03 3.08 0.92 2.28 
1.93E-01 1.88E-01 5.28E-03 2. OOE-02 1.20E-03 4.41 0.48 2.74 
2.16E-01 2.08E-01 7.34E-03 2. OOE-02 1.20E-03 6.11 0.48 3.40 
2.44E-01 2.34E-01 9.91E-03 2. OOE-02 1.20E-03 8.27 1.68 4.06 
2.63E-01 2.5 1 E-0 1 1.14E-02 2. OOE-02 1.20E-03 9.51 2.02 
1 
4.34 
2.83E-01 2.68E-01 1.54E-02 2. OOE-02 1.20E-03 12.84 3.50 5.44 
2.98E-0 I 2.86E-01 1.21E-02 2. OOE-02 1.20E-03 10.12 3.27 4.06 
MIE-01 2.96E-01 1.23E-02 2. OOE-02 1.20E-03 10.27 3.13 3.96 
3.35E-01 3.18E-01 1.72E-02 2. OOE-02 1.20E-03 14.31 1.85 5.13 
3.43E-01 3.29E-01 1.34E-02 2. OOE-02 1.20E-03 11.27 2.37 3.94 
4.23E-01 4.09E-0 I 1.42E-02 2. OOE-02 1.20E-03 11.87 2.37 3.36 
Table 19 - Effect of increasing concentration of As (V) on amount of product 
formed at pH 9 and IS 0.05 mol dm3 KNO3 
[As], 
mmol dm-3 
[Asif 
mmol dm-3 
A [As] 
mmol dm-3 
v 
dm3 
MIIA 
kg 
r 
mmol kg-1 
S. D %bound 
1.25E-01 9.38E-02 3.14E-02 2. OOE-02 1.20E-03 26.33 0.70 25.06 
1.48E-01 1.07E-01 4.1 IE-02 2. OOE-02 1.20E-03 34.45 2.49 1 27.71 
1.76E-01 1.34E-01 
- 
4.19E-02 2. OOE-02 1.20E-03 35.14 1.61 23.83 
1.94E-01j 1.3 6E-01 
I 
5.72E-02 
I 
2. OOE-02 
I 
1.20E-03 
1 
47.97 3.16 29.53 
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Table 19 Con'd 
2.20E-01 I., 64E-01 5.65E-02 2. OOE-02 1.20E-03 47.43 0.88 25.66 
2.45E-01 1.64E-01 8.07E-02 2. OOE-02 1.20E-03 67.67 4.18 32.97 
2.60E-01 1.87E-01 7.26E-02 2. OOE-02 1.20E-03 61.05 6.09 31.98 
2.74E-01 1.86E-01 8.80E-02 2. OOE-02 1.20E-03 73.96 5.64 32.13 
3-54E-01 2.60E-01 9.46E-02 2. OOE-02 1.20E-03 79.79 6.41 26.69 
3.82E-01 2.68E-01 1.13E-01 2. OOE-02 1.20E-03 94.34 4.71 29.64 
4.16E-01 3.42E-01 1.04E-01 2. OOE-02 1.20E-03 92.59 7.45 25.10 
4.31E-01 3.1 IE-01 1.20E-01 2. OOE-02 1.20E-03 100.59 5.25 27.97 
4.79E-01 3.63E-01 LISE-01 2. OOE-02 1.20E-03 96.13 17.68 21.78 
5.04E-01 3.56E-01 1.48E-01 2. OOE-02 1.20E-03 145.69 19.80 34.53 
5.55E-01 3.77E-01 1.78E-01 2. OOE-02 1.20E-03 147.88 6.29 31.99 
6.84E-01 4.42E-01 2.42E-01 2. OOE-02 1.20E-03 18038 29.25 35.34 
8.27E-01 5.99E-01 2.28E-01 2. OOE-02 1.20E-03 189.99- 18.30 27.58 
9.87E-01 6.91E-01 2.96E-01 2. OOE-02 1.20E-03 246.60 41.52 27.58 
1.1 OE+00 8.05E-01 3. OOE-01 2. OOE-02 1.20E-03 249.92 23.99 25.30 
1.19E+00 8.17E-0 I 3.69E-01 2. OOE-02 1.20E-03 308.16 12.95 31.13 
1.43E+00 1.05E+00 3.83E-01 2. OOE-02 1.20E-03 319.68 30.83 25.61 
Table 20 - Effect of increasing concentration of As (111) on amount of product 
formed at pH 9 and IS 0.05 mol dm3 KNO3 
[As], 
mmol dm-3 
jAsjr 
mmol dm -3 
A [As] 
mmol dm3 
v 
da? 
MIIA 
kg 
r 
mmol ke" 
S. D %bound 
1.32&01 1.13E-01 ' 1.91E-02 2. OOE-02 1.20E-03 16.09 0.06 14.37 
1.61E-01 1.42E-01 1.98E-02 2. OOE-02 1.20E-03 16.55 1.91 ')A 12.24 
1.90E-01 1.57E-01 3.3 IE-02 2. OOE-02 1.20E-03 27.58 1.92 17.37 
2.18E-01 1.93E-01 2.56E-02 2. OOE-02 1.20E-03 21.41 3.49 11.77 
2.43E-01 2.17E-01 2.63E-02 2. OOE-02 1.20E-03 22.46 0.66 10.85 
2.73E-01 2.22E-01 5.05E-02 2. OOE-02 1.20E-03 42.05 1.98 18.48 
3.04E-01 2.55E-01 4.89E-02 2. OOE-02 1.20E-03 40.82 2.42 16.08 
3.27E-01 2.96E-01 3.16E-02 2. OOE-02 1.20E-03 30.29 5.62 9.63 
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Table 20 Con'd 
3.55E-01 3.19E-01 3.58E-02 2. OOE-02 1.20E-03 32.37 3.61 10.06 
3.90E-01 3.50E-01 3.99E-02 2. OOE-02 1.20E-03 33.35 0.81 10.23 
4.20E-01 3.86E-01 3.36E-02 2. OOE-02 1.20E-03 28.17 0.14 8.04 
5.50E-01 5.01E-01 4.85E-02 2. OOE-02 1.20E-03 40.31 0.71 8.81 
6.92E-01 6.38E-01 5.34E-02 2. OOE-02 1.20E-03 44.57 0.51 7.72 
8.24E-01 7.57E-01 6.73E-02 2. OOE-02 1.20E-03 56.21 4.65 8.17 
9.68E-01 8.83E-01 8.44E-02 2. OOE-02 'I. 20E-03 70.51 7.85 8.73 
1.1 OE+00 I. OIE+00 8.58E-02 2. OOE-02 1.20E-03 71.67 5.37 7.81 
1.23E+00 1.14E+00 8.89E-02 2. OOE-02 1.20E-03 74.17 2.44 7-26 
1.37E+00 
I 
1.28E+00 8.52E-02 2. OOE-02 1.20E-03 70.89 5.48 
Table 21 - Effect of increasing concentration of DNU (V) on amount of product 
formed at pH 9 and IS 0.05 mol dm-3 Y%NO3 
[As], 
mmol dm' 
[AsIr 
mmol dm -3 
A [As] 
mmol dm-3 
v 
dn? 
MIU 
kg 
r 
mmol kg-t 
S. D %bound 
1.41E-01 1.28E-01 1.24E-02 2. OOE-02 1.20E-03 10.32 1.24 8.81 
1.75E-01 1.58E-01 1.71E-02 2. OOE-02 1.20E-03 14.28 3.73 9.79 
2.04E-01 1.81E-01 2.27E-02 2. OOE-02 1.20E-03 18.81 0.83 11.05 
2.32E-01 2JOE-01 2.23E-02 2. OOE-02 1.20E-03 18.64 0.45 9.63 
2.61E-01 2.39E-01 2.23E-02 2. OOE-02 1.20E-03 18.66 1.69 8.57 
3. OOE-01 2.65E-01 3.51E-02 2. OOE-02 1.20E-03 26.59 8.07 11.71 
3.29E-01 2.96E-01 3.26E-02 2. OOE-02 1.20E-03 27.26 6.24 9.92 
3.48E-01 3.19E-01 2.94E-02 2. OOE-02 1.20E-03 25.91 1.97 8.44 
3.81E-01 3.28E-01 5.25E-02 2. OOE-02 1.20E-03 40.99 3.86 13.78 
4.19E-01 3.67E-01 5.26E-02 2. OOE-02 1.20E-03 43.89 5.54 12.56 
5.67E-01 5.13E-01 5.38E-02 2. OOE-02 1.20E-03 44.87 1.32 9.31 
7.02E-01 6.29E-01 7.3 IE-02 2. OOE-02 1.20E-03 61.06 8.56 10.43 
8.51E-01 7.73E-01 7.85E-02 2. OOE-02 1.20E-03 65.45 2.29 9.22 
9.93E-01 8.98E-01 9.42E-02 2. OOE-02 1.20E-03 78.82 2.82 9.49 
1.15E+00 9.99E-01 1.49E-01 2. OOE-02 1.20E-03 123.96 5.16 12.95 
1.27E+00 1.14E4-00 1.28E-01 2. OOE-02 1.20E-03 106.81 14.01 10-10 
1.42E+00 2.24E+00 1.74E-01 2. OOE-02 1.20E-03 145.65 1 8.77 1-12.31 
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Table 22 - Effect of increasing concentration of As (V) on amount of product 
formed at pH 9 and IS 0.005 mol dm-3 KN03 
[As], 
mmol dm-3 
[As]( 
mmol dm-3 
A [As] 
mmol dm-3 
v 
dn? 
MHA 
kg 
r 
mmol kg7l 
S. D %bound 
1.31E-01 6.57E-02 6.49E-02 2. OOE-02 1.20E-03 54.11 6.61 49.73 
1.63E-01 7.22E-02 9.05E-02 2. OOE-02 1.20E-03 75.49 5.53 55.63 
1.80E-01 8.21E-02 9.84E-02 2. OOE-02 1.20E-03 82.17 12.28 54.51 
1.75E-01 8.09E-02 9.45E-02 2. OOE-02 1.20E-03 78.92 2.61 53.93 
2.16E-01 8.52E-02 1.31E-01 2. OOE-02 1.20E-03 109.28 6.94 60.59 
2.33E-01 1.07E-01 1.26E-04 2. OOE-02 1.20E-03 105.09 6.66 54.04 
2.45E-01 1.30E-01 1.15E-01 2. OOE-02 1.20E-03 
1 
96.17 9.16 46.96 
2.84E-01 1.50E-01 1.34E-04 2. OOE-02 1.20E-03 111.44 1.46 47.07 
3.17E-01 8.86E-02 2.28E-04 2. OOE-02 1.20E-03 190.04 3.03 72.02 
3.34E-01 1.38E-01 1.96E-01 2. OOE-02 1.20E-03 162.88 16.61 58.55 
3.60E-01 1.58E-01 2.02E-01 2. OOE-02 1.20E-03 167.89 6.04 55.98 
4.69E-01 1.46E-01 3.23E-01 2. OOE-02 1.20E-03 296.39 22.82 68.81 
6.01E-01 2.79E-01 
-3.22E-01 
2. OOE-02 1.20E-03 269.11 23.62 53.64 
6.92E-01 3.50E-01 3.42E-01 2. OOE-02 1.20E-03 285.11 22.48 49.43 
8.19E-01 4.12E-01 4.07E-01 2. OOE-02 1.20E-03 339.68 35.62 49.69 
9.53E-01 4.50E-01 5.03E-01 2. OOE-02 1.20E-03 419.29 44.39 52.81 
1.1 OE+00 6.08E-01 4.87E-01 2. OOE-02 1.20E-03 407.65 71.05 44.49 
1.25E+00 5.75E-01 6.72E-01 
I 
2. OOE-02 1.20E-03 560.42 29.57 53.89 
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Table 23 - Effect of increasing concentration of As (111) on amount of product 
formed at pH 12 and IS 0.005 mol dm-3 KN03 
[Asli 
mmol die 
[AsIf 
mmol dm' 
A [As] 
mmol dm-3 
v 
dM3 
MHA 
kg 
Ir 
mmol kg-' 
S. D %bound 
1.33E-01 4.98E-02 8.28E-02 2. OOE-02 1.20E-03 69.03 4.96 62.47 
1.61E-01 5.18E-02 1.09E-01 2. OOE-02 1.20E-03 91.12 3.43 67.85 
1.86E-01 6.97E-02 1.17E-01 2. OOE-02 1.20E-03 97.58 3.44 62.69 
2.20E-01 9.26E-02 1.28E-01 2. OOE-02 1.20E-03 106.46 6.56 57.93 
2.41E-01 8.77E-02 1.53E-01 2. OOE-02 1.20E-03 128.13 2.87 63.66 
2.71E-01 1.56E-01 1.16E-0 I 2. OOE-02 1.20E-03 96.51 0.81 42.58 
3.02E-01 1.53E-01 1.50E-01 2. OOE-02 1.20E-03 124.91 11.23 49.51 
3.26E-01 1.81E-01 1.45E-01 2. OOE-02 1.20E-03 120.61 1.17 44.41 
3.60E-01 2.05E-01 1.55E-01 2. OOE-02 1.20E-03 129.62 15.86 43.12 
3.75E-01 2.30E-01 1.45E-01 2. OOE-02 1.20E-03 120.51 16.12 38.54 
4.04E-01 2.38E-01 1.66E-01 2. OOE-02 1.20E-03 138.17 12.44 41.00 
5.3 1 E-0 I 3.50E-01 1.81E-01 2. OOE-02 1.20E-03 150.86 33.82 28.97 
6.73E-01 4.81E-01 1.91E-01 2. OOE-02 1.20E-03 158.61 17.27 26.26 
8.12E-01 5.91E-01 2.21E-01 2. OOE-02 1.20E-03 184.55 15.37 25.61 
9.67E-01 6.57E-01 3.1 OE-0 I 2. OOE-02 1.20E-03 258.34 2.31 32.03 
1.07E+00 7.80E-01 2.96E-01 2. OOE-02 1.20E-03 245.12 8.18 27.38 
1.21E+00 9.09E+00 3. OOE-01 2. OOE-02 1.20E-03 249.93 15.64 24.81 
1.37E+00 1.07E+00 2.98E-01 2. OOE-02 1.20E-03 248.21 9.51 21.75 
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Table 24 - Effect of increasing concentration of DMA (V) on amount of product 
formed at pH 9 and IS 0.005 mol dm. -3 i<. No3 
[As], 
mmol dm-3 
[AsIf 
mmol dm-3 
A [As] 
mmol dm-3 
v 
dn? 
MHA 
kg 
IF 
mmol kg-1 
S. D %bound 
1.44E-01 1.19E-01 2.46E-02 2. OOE-02 1.20E-03 20.52 3.52 17.11 
1.71E-01 1.49E-01 2.22E-02 2. OOE-02 1.20E-03 18.56 3.81 12.99 
1.99E-01 1.71E-01 2.79E-02 2. OOE-02 1.20E-03 23.28 5.45 14.05 
2.58E-01 2.08E-01 5.01E-02 2. OOE-02 1.20E-03 41.77 11.59 19.41 
2.85E-01 2.23E-01 6.14E-02 2. OOE-02 1.20E-03 51.17 7.36 21.57 
3.13E-01 2.41E-01 7.17E-02 2. OOE-02 1.20E-03 59.94 12.21 22.92 
3.48E-01 2.88E-01 6.01E-02 2. OOE-02 1.20E-03 50.17 10.19 17.26 
3.73E-01 2.86E-01 8.69E-02 2. OOE-02 1.20E-03 72.34 1.91 23.29 
3.95E-01 3.27E-01 6.85E-02 2. OOE-02 1.20E-03 57.19 1.34 17.33 
4.27E-01 3.47E-01 7.94E-02 2. OOE-02 1.20E-03 66.26 6.54 18.62 
5.71E-01 4.71E-01 9.92E-02 2. OOE-02 1.20E-03 82.75 11.69 17.38 
7.18E-01 6. OOE-01 1.18E-0 I 2. OOE-02 1.20E-03 98.78 14.98 16.49 
8.50E-01 7.12E-01 1.39E-01 2. OOE-02 1.20E-03 115.73 19.32 16.31 
9.78E-01 7.99E-01 1.79E-01 2. OOE-02 1.20E-03 149.07 14.21 18.31 
1.13E+00 9.62E-01 1.72E-01 2. OOE-02 1.20E-03 159.39 22.05 15.18 
1.27E+00 1.02E+00 2.49E-01 2. OOE-02 1.20E-03 194.49 18.72 19.65 
1.41E+00 1.20E+00 2.1 OE-0 I 2. OOE-02 1.20E-03 174.43 20.53 14.82 
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Table 26 - Effect of increasing pH on sorption of arsenic species (104mol din -3 ) to 
humic acid (10-3 mol dm-3) at IS 0.05 mol dm-3 KN03 
As (V) As (HI) DMA 
PH 
(+0.2) 
IF 
mmol kg-1 
% 
bound 
S. D r 
mmol kg7l 
% 
bound 
S. D IF 
mmol kg-1 
% 
bound 
S. D 
3 29.23 12.57 1.02 5.98 2.61 0.69 17.06 7.43 1.15 
4 42.73 18.38 1.74 7.61 3.33 2.56 12.39 5.42 3.01 
5 42.55 17.71 1.58 9.09 3.96 2.52 13.60 6.01 2.43 
6 49.06 20.42 0.60 11.05 4.78 0.77 10.29 4.28 2.09 
7 56.77 27.00 2.89 17.48 7.58 3.10 14.72 7.53 2.52 
8 84.82 35.37 5.28 38.15 16.57 4.74 39.14 16.35 4.24 
9 86.84 36.76 6.25 44.64 19.37 5.49 39.58 16.51 4.25 
10 83.31 40.11 3.23 48.55 21.11 2.59 41.84 17.70 3.79 
11 85.54 39.40 8.21 86.71 37.73 6.19 29.14 13.51 4.60 
12 79.75 40.69 9.55 117.99 51.16 8.67 28.55 13.17 
1 
4.23 
Table 27 - Effect of increasing ionic strength on sorption of arsenic species (104 
mol dm-3) to humic acid (10-3 mol dm-3) at pH 9 
As (V) As (111) DMA 
Ionic 
Strength mmol 
kg7l 
% 
bound 
S. D IF 
mmol 
ILWI 
% 
bound 
S. D r 
mmol 
kg7l 
% 
bound 
S. D 
I 
0 149.62 63.95 7.01 46.39 20.05 3.41 67.26 27.91 9.92 
0.005 129.42 55.34 7.85 44.83 20.42 2.25 59.99 24.93 6.21 
0.02 142.45 60.89 5.63 42.23 18.25 1.18 52.53 21.79 9.28 
0.04 67.51 28.83 5.67 31.19 13.46 4.58 37.48 13.96 9.11 
0.08 74.80 31.94 2.04 27.94 12.06 3.01 24.44 10.16 2.00 
0.1 48.00 20.49 6.92 27.01 11.26 2.44 34.45 14.29 8.25 
0.2 32.89 14.02 4.69 8.85 3.51 3.31 21.40 5.85 2.49 
0.3 25.06 10.69 5.83 8.62 3.74 2.26 23.03 6.64 2.39 
0.4 18.18 7.76 2.81 6.83 2.94 
1 
2.18 
1 
14.09 4.40 0.65 
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TaMe 28 -Effect of increasing ionic strength on sorption of As (V) 
(10-4mol dm-3) to humic acid (10-3mol dm-3) at pH 5 
KN03 Ca(N03)2 
Ionic 
strength 
r 
mmol kg-1 
S. D IF 
mmol ke 
S. D 
0 7.30 1.30 9.20 0.20 
0.002 8.20 1.50 11.50 0.60 
0.004 8.80 1.00 11.63 0.70 
0.005 9.10 1.20 10.95 0.30 
0.006 10.90 1.20 12.81 0.40 
0.01 10.30 0.70 12.00 0.60 
0.04 10.50 0.60 13.61 0.10 
0.08 9.40 0.65 9.84 0.64 
0.2 10.20 0.78 9.81 0.63 
0.3 9.95 0.81 9.71 0.12 
0.4- 1 10.64 0.74 9.10 0.15 
Table 29 - Effect of increasing humic acid concentration on sorption of As (V) 
(104 mol dm-3) at pH 5 and IS 0.001 mol dm"3 Ca(NO3)2 
[RAI g dm-j Ir 
mmol kg-1 
S. D 
1.41 10.83 
1.81 12.11 0.39 
2.32 8.75 1.78 
2.54 8.75 
3.13 6.31 1.06 
3.73 5.64 
4.51 4.67 0.53 
4.12 7.27 0.78 
4.84 4.95 1.77 
6.05 4.27 0.25 
8.49 4.37 1.45 
9.17 3.71 
9.61 3.97 
10.25 3.43 0.47 
11.72 3.78 
11.98 3.64 0.41 
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Table 29 Con'd 
-12.98 3.96 
13.66 4.12 
Table 30- Effect of increasing pH on sorption of phosphate (104mot dm-3) to 
humic acid (10-3 mol dm-3) at IS 0.05 mol dm-3 KN03 
r 
mmol Wl 
S. D %bound 
3 63.95 10.53 11.23 
4 111.02 8.53 22-05 
5 103.02 5.61 20.56 
-, 6 102.39 12.77 21.74 
-7 178.21 8.88 36.49 
8 179.15 10.58 36.76 
9 195.10 7.31 38.44 
10 156.30 22.41 33.15 
11 170.08 12.92 35.15 
12 190.10 8.21 37.72 
Table 31 - Conditional association constant for P (V) - HA'interaction at 
different pH at IS 0.05 mol dm3 KN03 
pH IP]tw 
mbl dm -3 
IHA]tta 
mol dm 3 
[Plfre, 
moldm-3 
[PHAI 
mol dm -3 
'IHA]eq. 
mol dm -3 
K,. w Log K,, m S. D 
3 6.02E-04 6.36E-03 5.25E-04 7.66E-05 6.28E-03 23.20 1.37 0.05 
4 6.05E-04 
-- 
6.36E-03 4.73E-04 1.33E-04 6.23E-03 45.00 1.65 0.03 
5 T90E-04 6.36E-03 4.67E-04 1.23E-04 6.24E-03 42.04 1.62 0.03 
6 6. OOE-04 6.36E-03 4.80E-04 1.21E-04 6.24E-03 40.30 1.61 0.02 
7 5. S2E-04 6.36E-03 3.69E-04 2.12E-04 6.15E-03 93.44 1.97 0.05 
8 5.80E-04 6.36E-03 3.67E-04 2.13E-04 6.15E-03 94.65 1.98 0.03 
9 6.07E-04 6.36E-03 3.78E-04 2.29E-04 6.13E-03 98.97 2.00 0.03 
10 5.50E-04 6.36E-03 3.68E-04 1.83E-04 6.18E-03 80.39 1.91 0.02 
11 5.72E-04 6.36E-03 3.71E-04 2.01E-04 6.16E-03 88.09 1.94 0.05 
12 5.98E-04 6.36E-03 3.72E-04 2.26E-04 6.13E-03 98.82 1.99 0.05 
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Table 32 - Effect of increasing concentration of P -(V) on amount'of product 
formed at pH 9 and IS 0.05 mol dm-3 KN03 
lph 
mmoldm-3 
lpif 
-mmaldmý 
A [PI 
mmoldm"3 
v 
dm3 
MHA 
kg 
r 
mmol kg7l 
S. D %bound 
3.12E-01 2.07E-01 1.05E-01 2. OOE-02 1.20E-03 87.89 12.34 33.67 
3.76E-01 2.35E-01 AAIE-01 2. OOE-02 1.20E-03 118.26 8.92 37.54 
4-37E-01 2.68E-01 1.68E-01 2. OOE-02 1.20E-03 140.68 4.46 38.51 
5.05E-01 3.48E-01 1-56E-01 2. OOE-02 1.20E-03 130.62 8,55 30.96 
5.72E-01 3 
. 
92E-02 1.80E-01 2. OOE-02 1.20E-03 150.18 9.66 31.51 
6.29E-01 3.90E-01 2.39E-01 2. OOE-02 1.20E-03 199.87 21.63 37.95 
6.93E-01 4.57E-01 2.36E-01 2. OOE-02 1.20E-03 197.11 12.79 34.08 
7.54E-01 5-24E-01 2.30E-01 2. OOE-02 1.20E-03 191.64 26.15 30.47 
8.09E-01 5.68E-01 2.41E-01 2. OOE-02 1.20E-03 200.90 32.55 29.83 
8.80E-01 5.73E-01 3.08E-01 2. OOE-02 1.20E-03 256.21 7.64 34.93 
9.41E-01 5.93E-01 3.48E-01 2. OOE-02 1.20E-03 289.88 7.37 36.98 
1.26E+01 8.37E-01 4.18E-01 2. OOE-02 1.20E-03 347.97 36.22 33.32 
1.56E+00 8.25E-01 7.37E-01 2. OOE-02 1.20E-03 613.30 55.50 47.16 
1.88E+00 . 1.03E+00 8.47E-01 2. OOE-02 1.20E-03 706.72 57.19 45.07 
2-15E+00 
- - 
1.35E+00 7.97E-01 2. OOE-02 1.20E-03 663.87 -67.39 37.12 
Y. 5 OE+00 1.69E+00 S. I OE-0 I 2. OOE-02 1.20E-03 674.75 14.99 32.38 
2.82E+00 1.74E+00 1.08+00 2. OOE-02 1.20E-03 897.74 16.53 38.27 
3.1 IE+00 1.83E+00 
I 1.28E+00 
2. OOE- 02 
1 1.20E-03 1065.77 21.89 41.08 
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Table 36 - Physicochemical properties of MPM 31 soil 
Properties Units Quantity 
Aluminium mg kg7' 36700 
Arsenic I mg kg' 20500 
Barium mg kg" 190 
Calcium mg kg7' 241 
Chromium mg kg7' 50 
Copper mg kg7l 215 
Iron mg kg7' 19200 
Potassium mg kg7l 10600 
Lithium mgkg7l 55 
Manganese mg kg7l 146 
Magnesium 1 mg kg7 1700 
Sodium mg kg7l 870 
Nickel mg kg7l 22 
Phosphorus mg, kg7l 500 
Lead mg kg7' 140 
Sulfur mg kg7' 8300 
Strontium mg kg7' 30 
Vanadium mg, kg7l 100 
Zinc mg kg7l 90 
CEC meq I OOg" 50 
Lol@105C % 4.88 
CEC corr. meq I OOg" 60 
Soil pH 3.43 
237 
40 
0 
j2 
cr 
cm 
0 
0 
, FE 
90 
ZZ 
Co 15 
8c 
Co A 
el - 
1 le 
c4 
cq e cq 
c4 
02 21 22 
ci ci ci 
(0 
-3- - 
ci ci d0 
ob 0 0) 0 
ci ci ci Cd ci 
el 
91 
cy c4 c4 
c4 at -R 9 0 c4 c4 c4 N cs Co 
cn (n 
00m 
1 
c4 
cql q ve 
C, 4 
2 
%R 1: Ot q P,: q CR (I q "t Vý W) 
1 
3 
I 
2 - - 
I I 
0) 
I 
N 
I 
A 
IL 
& 
§ 
0 
w 
1 
0 
N 
't w N R N 
1 1 w 
"It Ci 't Cý CR 1 
N N N a 
N 
NI 
CQ 
Cl) (1) Cl) 
a 
4Q cl q 
It) 0 f 
N cm N 
z z 
(I c! Ci 
C4 C4 N C4 C4 
. 
93 
a 0 o Q co q vi "1 
Ci Ci q 
c 
V 
It 
I- 
. . 
2 
. , 4 q a c; cs ci d 
ý 
0 0 d 
l 
- - 1 1 -1 I I I I Z " C! q vi C', Ci r. ca o o 0 1. ý 6 I I 
C', 
0 0 
'0 
q 'i q 7 u 4 o Go d 4 co C14 cs 0 d C4 
1 
co l 1 1 co 
, , ýel " 4N v o ;7 '7 
" 
, ý6 1 0) * " 
. 'D 1 C 4 
1 
I 
N C4 N 
, U- 1 
I 
0 
a! CR Ci q vi (q 
C) 
ý 
N 
I 
C4 
l 
C) 
41) U) OR - 
(7) co 
- 
z I Z 
r-t (q C4 a- -1 " fa C6 d q N 0 8 P 
1 1 
co r- 
4Q 0 co lcq cq q o 0 a ri C4 o o cq C4 
l l 
N 
IN 
X 
C, in A N ;: 
- 
- 6 N w a , ý - 40 c 
;5 - CIA .2 c - C4 '9 
- 
u 
I .2 r3 g 2 v 2! g t; a 1 
c 
t" ' 1 
1 
0 m 
1 CL 
E 1 0 " 8 
* 0 Iw to I H 18 * $1 
qq 
C-q A --r ý C4 :2m cm CL 
-E 
ci I "I qII 
rqN 2ý a- & 
(a 
04 in 
cm 
ýE 
"11 
04 
0000 
04 
Im C 
E 
N 
000 0) 
co >E 
000 
cm Ez 
Cli Ci C4 q U) 
000d 
, tm E 
i5 I 'E z 
ri q 2 IC-4 
CI4 
tm 
o. E 
Vi It qq 
a0 00 N :9- 
co EI 
a ci cs 
tm 
zEI 
Iq I 
000 CA 
01 Cil C4 C4 C4 co 0 
co 
I I? C, 00 to 
CI 94 
co 40 (I 
IE I rd 
00N 
0 W) 
g 
? 
IqI qI 44 C, qI 
C4 
cl 
E 
U) 
0 
lit 
a -cc 
cr 
C 
c4 
CD 
(4 
CL E 
: 21 `M, 1 21 ý- .i 
ci ca 
r cm , E 
,7 
(i 
Co 
ýl'"l 
z E 
. 
CWD ci ci 
ab 
Co E- 
(7) f- Co 
ci (n -: 
iz 'E» 
c4 
CD 0 CO - 
Cb 
Z EI ICV 1 
C, 00 
ce q 
Co CO Z EI 
C*4 
: q1ci 
E 
im - er; 
c2,0 do ci c4 Co 
g4 
51 
0E 
Co cm 
Zi 1 
JE- 
0d ci m t4 cm 
93, E 
:pgae 
t4 - 
E 
? 
AD 
12L. 
[0 
:EL 
0-i ( Co (0 WO Co 
"' 
>i 
r c 
(6 ý co r. - 
8 
11 
r- 9 cm a 
Iq 
N 
04 4D 40 
co 
44 
W: 
0 
C-4 
1: 
a 
C4 
1: 
0 
T 
8 
0) 
9 cl 
Or 
'C! 
q7 6 
iw 
ci 
C-i 
0 0 
9 J I 
A c 
cl 
- 
I - - 
Z 
d c; a 2 o 11 1 "1 CýO .4 -Z :9 9 G 
U9 G? 
-: 
ý 
I- cl to § ci 
-Cý co C14 C*A - 
C4 Ci C4 8 v 4N 0 C'4 R $ 
0 
C4 
0 
C-4 
C4 
0 
C-4 
Ci 
0 
r- 
C4 
0 00 " - - 
C4 IQ 
C-4 0 - 4 
Cj) 
C! 
41) 
q M 
ci 
cd 
z 
ci o a r- 0 U) 
8 
0 
CIA 8 t- 
Ci Ci 40 0 C6 c; wi d r- 
N 
F- V- co 
CC" 
0 
;: 0 
" 
N co ] N N 
I 
is 8 
U! 
, 
1 10 m 9 ." 
w "I I - 41 
N CR - m N F2 
Z C. ) ! $ C14 q F4 C-i 2 CUl C-1 ý CC) 
c 
0 0 m N V- c 0 
0 
co 
C4 r R 
- 
c 
2 cl . I I 1 
M 
(7) cq 12 0 8 
. 
C4 
40 &I Ch -: to 
0 
C4 
i 
04 
C06 
4m 
N 
c C*4 N co 'o 
C4 14 
g I 0 o 
"o- .2 t 2 v 
ý -8 a 4 1 
L .5 TEL 
I 
S 
12 
o 
CD 
C4 
0 
0 
E 
(7) 
Cl) 
0 CWO 
I W) Ch U) 
0 @ V A 2 1 A 2 8 
1 
a C14 ý 
0 
C4 
m 
I 
C4 C6 fli I CM W) 
r- 
a 9 
I 
- 
I 
1, 
In Cld 
Cý 
N C., 
cli 
00 
r- 
ad 
- 
t4 
ý 0 U) tr) W) ;; . 
1 
m m , M M - A 04 ,ý m V (1) - C4 0) ý z C4 z 
04 
C, 4 I` 
ul 
C, 4 
IV 
0) 
CO 
1- 
- 
40 
. 
co 
(4 04 
I'l 1 l "! co c4 s Ch q I S O IV Pý 9 
C, v) C'W) g g 
i 
co C*4 Pý 't 40 It cn q C9 N 04 10 4 $ ý A Pý ý to 
N ;; 12 C14 It 
N 
cv) 
CD 
C', 
0) 
C-4 
0 
C-A 
r- 
m a 8 lir Q v) C) 2 C-4 co r- N a _; 40 1q, co C4 0 C4 0) C4 w C4 A § & m IT 
CO C14 
v 
(010, (COO 12 a 8 is V ; 8 2 
A 
N 1W N 4 
c 
9 r- 
N M W) rý 04 cli 
9 9 2 9 . s C4 ci C6 N ab kc) r- N C-4 ai N en C4 6 CIO 
9 Pý 10 cg 9 
N I to 
C4 04 N C4 $ " 
Ui 
R C4 - cq 
C4 C4 a m " C4 C4 in r- C4 N 
C-4 d d 
I 
6 c; 0 
p 
- - 
r I 
- - 0 0 0 1- W 0 0 
I 
0- 0 o - - - - 0 0 0 0 1 fo ci) 
I; z Ui Ot OR $ 
" C, 4 8 8 8 A 0 v W) kn V C4 o C, 4 0) cs 
I T 
V) 1W qW M M 
1 
0 0 44 ci 
M 
cq 
a 
6 
&ý 
0 
to 
" 
0 
ý 
0 
co 
" 
0 
1ý 
I 
0 
V 
r"i 
0 
M 
llý 
0 
5ý 
0 
it) 
6 
44 
- 
6 
ch 
6 -14 
v 
" 
4 
$ I 
0 
QI 
0 
;ý 
0 
q 
0 
RI 
0 
P: 
0 l('D- 6 0 
2!, 
0 0 0 - -c( 
2 C4 v 
C4 
C4 
LO 
T ci q I. - 
r- 
lqý 
U) 
(q 
r- 
CR 
ý C4 
IQ 9 9 
"t 
-. 
W) 
rl 
to 
ý: 
w 
$2 
W 
8 
W) 
N 
M - M co 
P 
U) C4 
I ý 
V5 
- 1 
Go 
lc, 
4 
1 1 1 1 1 
co 
(4 
F 4 ý 1ý 9 M - ig - q ý ý ý ý , ' c tQ - C4 " , v r ý C4 N 
C4 N 1 &D 0) m 0) Cl) g g N I, - V LO 
M 
1 1 1 
C-4 C-4 
I 
N 
l 
co -T 44 m l l 
10 Cl :9 ;z 
U) 
N 
- 
C4 
V) 
C4 
u 
't 
ý li pl: 
t, 
rlt 
w ý3 
"It 
4" N 
Cl 
A CO 
C4 
V 
C4 
- 
C4 1.2 8 " r*t 9 S Ol d 0 
' 
c; 6 o 0 0 0 
l 
U) 1W 6 0 0 
1 
46 
1 
o o d o o o . o . o v . v- . p 
iý 5 ` ý 
Cl! C, q 
W) 
ý q q q ý 9 'PlI $ 110 l 1 61 d o c c o c ci 
d w 0 LO 0 0 0 0 0 0 0 0 a 
1 
0 0 
t 
r- 
: 
0 
z - 
l 
:; 
d 
a C4 
. 
W 
C, 4 
N 
.0 
rý 
f. N co ,ý C4 - ý q - S 4p - iý It "' (i "' q- L co C14 N w l (4 0) v I I I I I I- C, 4 N - C14 Ol - W - 0 - N - co It (1) 
. 
0 
, 0 'I I i d W) co r" C4 CR 't C4 W 46 6 C*4 4 N 40 04 Go N 0 Ir C4 - C4 N . N N ;3 r. v - . q 04 . . 
: co roi "o 
04 
v 
C14 
co 
N 
40 
N 
A M 
- 
co 0 0 
2 
C4 9 
C'4 
84 '1 VI 81 C', - 10 - 
I 1 
1 
N N 
ý -7 4 
r- 
-k 
N 
wl 
N 
Q VI :ý 
W 
t- 
P Go 
Ci 2; ý S ý ý ý ;I co r ý " ý 
1- 
q 
0 J! $ Q o co N P. N ;4 8 C040 co I f, 
I 
2 IV 0 
9 1- N -- :8 9 V) 0 g 
. . r N . 
44 
1 1 
44 
; E -, - ui -I F to C4 M 99 0 4 N m P. - ý 'm - C* ý a (ý N S fý " 2 8 a - co 
1 01 01 
0 0 0 0 0 0 0 0 
N 
0 ci 0 0 0 6 ci ci M 
- 1 0 
C4 ý 
r.. 
co 
44 - 0 V. - a 
17 - 
9 ý ý ý $ ,: " ý $ ý co q $ 
W 
1: N C, R § 
W 
m 
Pi - 40 
1 1 l l l l 
1 co F, "1 0 m 2 r.. CR Ui 0 0 - - - - 0 cs o N r.. a 0 0 0 0 0 eq P. - 1 
ý P'. ý ý ý 9! q 2 Z CL14, 2 lq4 S ý ý 0 1: 'D N 1-t ý ý q ' ' - ' V , 1 r- r. W) l I I (D N C4 
N 
A A 
1 
;R 
1 
vi 
W 
1 
0) 
V 
P. 
U 
to 
PI 
ý Li 
R 2 
16 
"- ý I.; ý A ý C 
- 
6 . . . * co 
Q C4 1 C4 r. 
CA -I! cpal 
W) 
Z 
0 0 
1 1 1 1 
I 1 
0 0 
, 
I I 
C, 
BR *, 
1 1 
in 
aR 
I I i 
0 0 0 0 LD la 8 'n cs d (D S 
- 
0 
- LO - 
W) 
- 4m 0) 
1. C 0 
. 1:! E 
C3 
.0 
5 
Co 
e0 
c 
ul 
. r- 0 
13 
mz 
C4 
2 
0 
cm 
E 
c 
0 
c 0 
E 
0 u 
ui 
es 
0 
a, UJ rl_ co Z5 1ý 
E 
ý ý 2 ' « 
"' "> 
3 - 
- l 
(c) 
c4 I (li (4 0 Co 0 tz , N a; 
1 
N 0 - (14 ;Z 2 r, -- 
. 
- N 
c14 OK 
Z 
q 0 - c4 
c4 Z A ;2 t4 v C, 4 Ln e 2 1 ;; 1c04 2 C-1) . CO4,1 . pg . $ 
c4 
. 9 Qi c4 c4 c4 c4 0 r4 (4 - (4 r- c4 ý c4 cq 0 § &A 0 C, 4 
C, 4 
- 
0) xý A 9 . : 
2 r- ut P! ? - " -: 0 r, ý Co - 
i? 1. -Or c4 44 0 - 
ý ch r_ 2 8 ", - 
Ir 
(D Co Co (14 
c4 
. le 
c4 
X . . CO . P- - ,e c4 r- 
. Co . - V) . x . r, ' 
m 
Co 
- 
1 1 1 
c4 8 e ? 
(4 c4 
1 
Ln C4 CO r4 0 - CO CO c4 c4 c4 c4 0 f. 
i 
c4 Ln q ei ge Ln 'le A c4 -: 
c4 
Ir: C4 Ir: gn e ý 
c» Ilý c» 'le c4 c4 - 
r- &q c4 
> ci ci ci ci cý ö ci 6 ö cs 0 le 0 r- m c4 . " 0 
1 
0 0 
I 
0 0 0 0 0 
1 
r 
0 
1 
: 
0 gn 0 r- 
. . . . . 
r- 
- 
1-r 
(D 
, Z e ? 
ý m 
ICR 
f- 
cq ý e "-e 2 01 a 
c4 
n n 2-, ýco j ýý 
- 
ý 2 ' Ilý m ;2 8 0 fi ö 0 0 CD 0 0 0 0 0 0 0 0 p- (4 cy 0 0 0 0 1 0 0 0 . 0 0 . 0 . r. . N c4 
1 1 
1 14 
2 dn 
c4 40 
, 
2 ý 
Co cl ý e 12 2 o e o ,4 - ä cs o 0 cs d 0 
1 
0 0 0 
1 1 
<g 
1 
q - 01 0 0 - 
1 
0 - 0 
1 
0 6 ci c2, c2, «: > «ý (0 Z - 2 Se - N P- Z; 9 :; . 
c4 
- 2 
- 
ý ý pý -Ir g 1g 0) >- 2 ,e ll: (7) Illý r9 $3 3 c4 Ci e - cq Q 8 -- 8 ;2 M 2 
1 
n 
1 
.: 9 
1 
c4 
1 
0) «" CI) cla A 
r, 
CNO t c4 
1 
9 
- 8 r- C, -: 1- - 
91 
N 
1 
- . 
1 
9 2 . . , 
1 
c4 r, 
Co 
- - - 
C, 4 el 
iz 1 1 N1 1 
Co 
C, 4 
0 el 0 14 c3 c4 0 t4 c> r4 o c4 cx c4 c> c4 Q c4 - c> c4 o cl (2 ci 8 c3 c4 a c4 0 c4 
42 
c4 A 
0 
ri 
Q 0 
IN 
CD 
N 
0 
e4 
c> 
Cli 
Q 
N 
C> 
Ci 8 
l l l l 1 1 1 1 
1 
_ 
, 
Ql ýl Ql z Fo ýn in Co 't m le V) Co (7) IN - e4 tn c4 - c4 q r4 lqr f4 c4 r- 2, 
- 
2 0 0 0 
l 
0 0 0 
1 
0 
1 
0 
1 
0 
1 
0 ci ci le le cyj N ci 0 0 0 cs 0 0 0 0 0 0 0 r) lir tz - 94 
ý c2, Ci c> c4 c21 44 CIN CM 0 c4 CD- c4 CD CM CD 44 0 Ci CD c4 c2. c4 
? ? 0 
44 C) c CD c 0 C 0 r 0 C 0 e c21 c C> t C, c ' t 8 
1 1 
0 ci CD CD 0 0 0 c31 cx» 
4 
CD 
4 
CD 
i 
0 
4 
0 
m 
0 
4 
0 
4 
0 
i 
0 
4 
0 
4 
0 CO 
c, 4- c4 Co tn 
c6 c6 i cli cö -i 0; . 0 . r- . 0 
1 
ý 4 e m P. fß 0 tn 0 0 le R - CO 0 0 (D tn m ei c4 CD 0 c4 
Z; ? e 0 ri 0 N 0 c4 c> c4 C, 4 C'4 0 Ci o c4 o N 8 e) (je Co rý 0 c4 0 c4 0 e4 0 c4 0 e4 o IN tn c4 s 0 
1 
0 0 0 0 d 0 0 
l 
0 N 
1 
- ci Co co 0 0 0 0 0 0 e4 c4 94 
1 
(4 , c4 
8 e ;ý 
ý 2 ý ý "-n 8 q ýq 2 c4 - 4Q r) ": 2 (4 N Co ri Z Z ý e 2 e ý 
I 
(D 0) (4 r, 9 A 
c, ) 
rz 
r) 
1 
- c» -e ci 0 (D 
c4 
ui 
dn 
A N 
ei 
A - 
r) A1 CM, 
0 
(zý ? 
m - 00 § 
f4 cr) 
Co 0 q ? c4 , 
c4 
" Co 
ý ý 2 c4 A3 3 q, q 2 8 Pý) ci ý 
c) rý 
CO 
N 
r) rý ý 
q 
- 
t 
(0 ' 'ý -Z7 6 ci ä ci 
1 I 
ö ö 
l 
ö 
l 
ö 
l 
ö o 
ý - ki 
2 X , - » 0 'n CO 
ý § QD 
ull 
: cm i cq 
2) lir äl Co 
ý C 0 0 V-: N 0 ci 0 0 0 
A 
0 
- "' 
01 6 ei g 
P 
44 - 
1 
": 1 
C» kn 0 N 
In 
CO c4 
q 
M C, ci c4 - A , il 
x' i! * w w 2p * * - 0 0 r. A i c; c2 kn tn (D m 
2 
: 
0 
ý 
0 
uý 
0 ö w) in (1) 0) ý 2 ý 
I 
4-. 
E 
. CL 
-6 
A- 0 
CA 
Table 41 - Elemental composition of the 7 components predicted for SRM 2710 using TMAH 
sequential experiments 
ci 1 2 c3 1 C4 c6 C7 
Al 0.00 0.00 0.00 
As 0.16 -16 0.00 4.34 4.05 0.00 
3.11 0.00 
Ba 0.00 0.00 0.07 0.00 0.04 0.18 0.46 0.20 
Ca 2.64 0.00 7.77 1.301 0.32 0.00 
Cd 0.01 0.05 0.09 0.081 0.011 0.111 0.00 
Cu 2.19 1.401 4.54 1.621 0.001 0.11 
Fe 5.161 0.001 2.09 0.39 5.44 54 
K M 0.00 0.00 9.17 ý91 Mg 1.17 4.711 0.00 0.39 1.24 2.15 0.91 
Mn 0.73 3 0.00 3.13 1.20 1.16 2.48 
Ni o*OO 0.33 0.08 0.01 0.00 0.59 0.00 
Pb 1.06 0.84 0.19 0.23 18.96 0.00 0.00 
si 2.73 0.00 0.24 21.98 6.93 
Sr 0.02 0.31 0.00 0.07 0.07 0.12 0.04 
Ti 0.19 0.00 1 0.01 0.00 0.38 0.59 1 0.38 
v 0.08 1 0.01 1 0.01 0.01 0.03 0.00 1 0.00 
Zn 0.00 3.17 1 8.49 10.16 0.88 0.00 ýý 
s 0.00 0.00 1 20.23 5.04 
p 0.81 10 nn l1 
Coloured data points show major composition 
Table 42 - Profile of non acidified SRM 2710 samples based on 7 components from TMAH 
sequential experiments 
cl C2 C3 C4 C5 C6 C7 
1 3.13E-07 1372.4 2.66E-07 38.416 70.538 9.39E-08 241.86 
2 29.921 213.38 1.1 8E-07 18.419 263.67 87.692 49.647 
3 76.415 106.07 8.43E-08 16.687 192.1 83.591 15.264 
41 89.533 0.48439 58.871 12.864 194.59 92.237 4.57E-08 
5 1057.4 1.39E-07 2.24E-07 288.07 86.294 225.13 1.35E-07 
6 1332.6 1.59E-07 351.78 171.99 19.612 281.8 1.55E-07 
7 1494.8 1.72E-07 556.39 91.717 140.29 242.88 1.68E-07 
8. 1726.5 1.77E-07 472.971 60.408 130.87 242.04 1.72E-07 
9 1253.8 1.49E-07 654.55 71.526 1.36E-07 121.52 145.37 
10 656.04 1.55E-07 984.67 103.74 453.15 8.84E-08 1.51 E-07 
11 5.9048 9.26E-08 912.48 111.09 8.43E-08 5.3E-08 208.81 
12 1.68E-07 8.79E-08 1048.8 105.16 8.01E-08 59.966 14.465 
13 3.62E-07 1535.8 69.354 16.172 64.162 34.822 201.29 
14 74-007 206.13 1.31E-07 13.239 242.37 138.75 46.766 
15 100.97 107.6 7.8E-08 11.993 133.05 92.629 20.619 
16 102.75 4.87E-08 1 29.317 25.101 173.51 105.68 4.74E-08 
17 1 1153.1 1.53E-07 1 19.938 310.66 101 230.66 1.49E-07 
18 1 1450.5 1.72E-07 1 363.42 157.95 190.29 224.6 1.68 E-07 
19 1506.3 1.69E-07 534.34 93.707 112.82 237.84 , 1.65E-07 
20 126676 
- 
1.41 E-07 575.04 9.39E-08 121.97 222.59 1.37E-07 
2T 1102.2 1.44E-07- 699.54 79.998 1.31 E-07 113.18 151.56 
22 962.11 , 1.54E-07 1017.6 76.229 61.707 143.69 9.302 23 1.82E-07 9.56E-08 1 1 963.46 92-572 1 8.71 E-08 50.496 188-99 
24 1.71 E-07 8.98E-08 1 1060.9 L 111.44 1 8.18E-08 1 45.452 1 21.7771 
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Table 45 - Elemental composition of the 8 components predicted for MPM 31 using TMAH 
sequential experiments 
J C2 J C3 C4 C5 C6 C7 C8 
Al 3.16 ýý 2 0.00 7.40 12.58 0.00 0.00 
As ý. 29 0.00 0.00 78.02 0.00 0.00 
Ba 0.01 0.01 0.04 0.12 0.13 0.07 0.08 0.02 
Ca 0.00 0.00 0.13 ýý 
_1 
0.341 0.00 2.10 0.03, 
Cd 0.70 0.23 0.001 0.00 2.111 2.87 0.00 0.00 
Cu 
Fe 
K 
0.04 
0.00 
0.22 
0.69 
0.121 
0.00 
2.78 
1.68 
8.41 
0.021 
1.24 
0.03 
0.00 
0.00 
0.56 
0.00 
0.00 
0.001 
0.00 
Mg 0.00 0.24 0.00 0.60 0.01 0.37 0.16 
Mn 0.00 0.02 0.00 2.23 0.08 0.02 0.12 0.01 
Ni 0.00 0.00 0.01 0.05 0.10 0.00 0.01 0.00 
Pb 0.00 0.00 7.18 9.14 0.00 1 0.14 0.00 0.00 
si 0.70 3.44 0.00 0.00 7.71 1 5.06 0.00 1.51 
Sr 0.00 0.00 0.00 0.13 0.04 0.00 0.03 0.00 
Ti 0.03 0.09 0.03 1 0.00 0.13 0.06 0.00 0.03 
v 0.04 , 0*02 0.02 1 0.02 0.09 0.02 , 0.03 0.00 
0.02 1 0.01 0.00 1.25 0.03 0.00 1 0.06 0.00 
0.00 0.00 000 0.00 . 36 74.46 
_0.26 
1 0.90 1 0.17 1 0.00 0.151 1.12 1 1.28 1 0.03 
Coloured data points show major composition 
Table 46 - Profile of non acidified MPM 31 samples based on 8 component from TMAH 
sequential experiments 
cl C2 C3 C4 C5 C6 C7 C8 
1 2.64 78.11 278.84 106.63 105.77 0.00 0.00 0.00 
2 0.00 0.00 0.00 58.15 145.90 0.00 313.80 0.00 
3 0.00 105.84 334.54 0.00 64.33 14.43 0.00 1243.44 
41 0.00 398.08 339.21 0.46 58.85 35.16 0.00 1443.821 
5 1077.26 4198.80 376.01 3.36 0.00 0.00 560.83 471.84 
6 117.63 1993.29 0.00 13.22 134.09 440.56 29.87 558.78 
7 678.27 1908.94 269.87 22.04 361.12 588.79 0.00 0.00 
81 1015.12 1509.69 286.56 16.06 443.28 781.63 0.00 0.00, 
9 1474.24 756.63 0.00 6.93 233.70 1200.28 246.54 0.00 
10 3222.05 171.06 0.00 1.20 273.04 1412.36 521.33 0.00 
11 3229.56 0.00 0.00 0.00 139.67 1050.97 344.92 0.00 
12 6739.39 0.00 0.00 6.98 339.10 815.04 232.321 0.00 
131 7726.65 0.00 0.00 17.81 41.00 707.42 255.69 56.19 
14 7814.31 509.39 380.91 30.58 476.24 0.00 0.00 0.00 
15 0.00 164.97 310.88 127.42 95.02 0.00 0.00 0.00 
16 0.00 0.00 307.59 76.95 44.88 1 70.75 127.46 0.00 
17 0.00 53.04 507.60 0.00 53.77 25.74 0.00 1122.91 
18 0.00 709.48 495.57 1.14 72.01 0.00 0.00 1004.26 
19 608.21 4567.00 321.80 0.00 204.45 0.00 456.46 183.48 
20 260.97 2513.84 317.08 17.75 162.25 165.54 0.00 0.00 
21 543.74 2409.45 O. bo 18.07 378.00 496.03 0.00 0.00 
22 1063.37 1726.15 359.95 15.33 332.49 1043.02 0.00 0.00 
23 1381.98 573.40 0.00 3.27 73.14 1354.14 274.72 0.00 
24 3571.33 620.55 0.98 0.00 92.50 1542.04 705.06 0.00 
25 3803.53 23.18 0.00 0.00 90.45 1273.04 394.64 0.00 
26 6062.14 77.24 0.00 10.14 77.70 1032.52 260.88 0.00 
27 7528.99 0.00 0.00 1 12.6T 163.81 631.21 255.34 0.00 
28 8327.03 1 541.57 1 330-92 1 25.81 1 538.74 
, 
0.00 1 80.26 0.00 
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